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[Received December 20, 1952] 


ABSTRACT 


A technique is described for the preparation of optically clear silver 
bromide in the form of thin plane parallel sheets with flat surfaces. 
These sheets have been used to investigate the formation of the latent 
image under illumination. 

It has been found that the distribution of the latent image between 
the surface and the interior of the crystals depends on their physical 
properties, on the nature of the sensitizing layers present on their surfaces, 
and on the exposure. A surface latent image is formed, together with a 
weak internal latent image, when well annealed crystals are exposed to 
light. A surface latent image, on the other hand, is not formed with 
strained sheets of pure silver bromide, if they have not been annealed 
at all or only at low temperatures. With such material, an internal 
latent image is formed by the separation of silver along dislocation 
lines, which may form the boundaries of an irregular polyhedral structure. 
The crystals may then be developed after the dissolution of the surface 
with a solvent for silver bromide. 

Crystals which give a strong internal image and no surface latent 
image may be sensitized for the formation of a surface latent image by 
the condensation on their surfaces of thin films of silver, gold and of 
certain metallic sulphides from atomic or molecular beams. After a 
brief exposure to light, a surface latent image is formed on the sensitized 
crystals which can be developed to a normal negative image (black in 
the exposed regions). Longer exposures cause the disappearance of 
the surface latent image in the exposed areas and the formation of a 
surface latent image in the unexposed areas. The reversed or positive 
image (white in exposed regions) can also be developed. This behaviour 
corresponds to solarization in the photographic process. The internal 
latent image did not show any trace of reversal or solarization even after 
very prolonged exposures. 

The thin films of the sensitizer are shown to provide traps for positive 
holes but not for electrons. This seems to be the role of the chemical 
sensitizers. The recognition of this fact necessitates a revision of the 
ideas on sensitivity specks which have previously been accepted. It is 
now suggested that sensitivity centres rather than specks are involved 
and that these are regions of localized structural imperfection. The 
ana eRe Perea MES Le at Ua nee a eR Se 
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traps for the electrons are provided by the silver ions associated with 
them. 

All the experimental evidence is consistent with the hypothesis that 
the latent image consists of a group of silver atoms exceeding a critical 
size and situated either on the external surface or on an internal surface 
associated with a mechanical imperfection of the crystal (e.g. a dislocation). 

The experimental results lead to a new working hypothesis on the 
formation of the latent image in silver bromide crystals which appears 
to account satisfactorily for: (1) the distribution of the latent image 
between the surface and the interior of the crystal under different 
circumstances; (2) the formation of the latent sub-image and its 
transformation to a stable latent image; (3) low and high intensity 
reciprocity failure and the influence of chemical sensitization upon them ; 
and finally, (4) solarization. 


§ 1. IyTRODUCTION 


Tue microcrystals of silver halide which, suspended in gelatine, form 
the sensitive layer of any photographic material possess the remarkable 
property of forming a latent image during a brief exposure to light, the 
presence of which causes them to be reduced to metallic silver in a 
photographic developer. Since the absorption of an extremely small 
amount of energy suffices for the formation of a latent image which is 
not directly observable, there has been much speculation as regards 
its precise nature, mode of formation and function in initiating the 
development of the microcrystal. 

It has been established that the latent image can be located both at 
the external surface and within the microcrystals and it has become 
customary to refer to these as the surface and the internal latent images 
(Berg, Marriage and Stevens 1941, Stevens 1942, see also Berg 1947). 
The present investigation is concerned mainly with the surface latent 
image and with the sensitization of single crystals of silver bromide 
for its formation. Observations have also been made on the internal 
latent image and some of these, which have a direct bearing on the 
formation of the surface latent image, are included in this paper. The 
bulk of the work on the internal latent image will, however, be the subject 
of another communication. 

Although many alternative possibilities have been suggested, it is 
now generally accepted (see, for example, Mees 1942) that the surface 
latent image consists of a speck of silver at the interface between the 
silver halide and the surrounding medium and that this silver speck 
provides a nucleus for the reduction of the microcrystal to metallic 
silver in the photographic developer. The precise mechanism whereby 
the speck is formed and the part played by chemical sensitization in 
facilitating its formation are, however, much more obscure. 

We shall now consider two theories of the formation of the surface 
latent image in chemically sensitized grains. In the first theory, which 
was advanced by Gurney and Mott (1938) (see also Mott 1941), chericel 
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sensitization was introduced only insofar as it provided surface particles 
to act as traps for electrons. In the development of this theory, Gurney 
and Mott applied to the formation of the surface latent image the two- 
stage mechanism for photochemical changes in the silver halides with 
which they had explained the observed separation of silver in the form 
of discrete particles during the later stages of photolysis. They based 
this mechanism upon the experimental facts that the silver halides are 
both electronic photoconductors and ionic conductors at room 
temperature. In applying it to the formation of the surface latent 
image, they assumed that the electrons, which are liberated when 
photons are absorbed by the silver halide, are trapped by sensitivity 
specks of silver or of silver sulphide on the surfaces and then neutralized 
by the motion of interstitial silver ions to the trapping sites. The 
theory thus provides a transport mechanism to explain the localized 
separation of silver atoms at the sensitivity specks which was postulated 
in the concentration speck theory of photographic sensitivity (Sheppard, 
Trivelli, and Loveland 1925). The behaviour of the positive holes or 
bromine atoms which must be liberated at the same time as the electrons 
or silver atoms, according to the postulates underlying these theories, 
was not considered in detail in either of them ; it was not unreasonably 
assumed that they escaped at the surface of the crystal and reacted with 
molecules in the surrounding medium. There is now, however, good 
reason for believing that, if an electron were trapped at the surface of 
the grain by a sensitivity centre of the type envisaged by Sheppard and 
his co-workers, it would attract a positive hole which would recombine 
with it before an interstitial silver ion could move up to form a silver 
atom (see, for example, Mitchell 1952a). Although attempts were 
made to avoid this difficulty by the introduction of further hypotheses 
(see, for example, Mott 1948), it remained as a fundamental weakness 
of the Gurney—Mott theory of the formation of the surface latent image. 

The theory of the formation of the surface latent image advanced 
by Mitchell (1948, 1949a, b, 1951a, b; see also Pick 1951) is, on the 
other hand, a theory of the interaction of both holes and electrons with 
the groups of atoms and molecules introduced by chemical sensitization. 
According to Mitchell (1948), the silver which separates to form the latent 
image during exposure to light is already present in the silver halide 
microcrystals, the equivalent amount of bromine having been removed 
during chemical sensitization. As an example, in grains which have 
been simultaneously or successively sensitized with a sulphur compound. 
and by reduction (Lowe, Jones and Roberts 1951), the theory provides 
a mechanism for the tranference of the finely dispersed silver introduced 
by reduction sensitization to the sensitivity centres assumed, as in the 
earlier theories, to be associated with sulphur sensitization. It is thus 
a theory of the redistribution during exposure of an excess of silver in 
chemically sensitized grains rather than a theory of the primary 
photolysis of the silver halide as was envisaged by Sheppard and his 
co-workers and by Gurney and Mott. 

2B2 
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Now there are three states in which the sensitizing atoms or 
molecules may be present in the surface layers of the silver halide crystals 
of an emulsion. Groups of atoms or molecules may be: (1) present on 
external surfaces; (2) situated in regions of structural imperfection in 
the immediate neighbourhood of the surface ; (3) built substitutionally 
into the surface layers in association with vacant halide ion lattice 
sites. 

In his first paper on the subject, in which he introduced vacant halide 
ion lattice sites into the discussion of chemical sensitization for the 
first time, Mitchell (1948) dealt with the third alternative. He assumed 
that the sensitizing atoms and molecules are incorporated substitutionally 
in the surface layers of the silver halide grains and that their primary 
function is to trap positive holes and electrons at spatially separated 
sites and thus to lessen their probability of recombination. To begin 
with, he postulated that the space charges created by the trapping of 
the electronic charges are neutralized by the motion of vacant halide 
ion lattice sites; he later modified this mechanism, substituting 
neutralization through the displacement of silver ions by way of 
interstitial positions, vacant silver ion lattice sites or surface sites 
(Mitchell 1951 a, b). 

The evidence at present available points to the absence of vacant 
halide ion lattice sites in any significant concentration in crystals of pure 
silver halides in equilibrium at room temperature (Mitchell 1952 a). 
This does not, however, exclude the possibility that such sites may be 
incorporated in the lattice by one of the following two mechanisms : 
(a) the reduction to a silver atom of a silver ion occupying a kink site 
(Kossel 1927, Stranski 1928) while crystal growth is proceeding so that 
fresh ions are being continuously deposited on the surface; (b) the 
attachment of a silver sulphide or a silver oxide molecule to a kink site 
during crystal growth. In these cases, the electrical neutrality of the 
lattice may be preserved by the omission of a bromide ion from an 
adjacent site, and vacant bromide ion sites may thus be built into the 
crystal in association with foreign atoms and molecules, even though such 
sites are present in negligible concentrations in thermal equilibrium. 

The second alternative might also be realized under the conditions of 
chemical sensitization of an emulsion ; this involves the building of the 
sensitizing atoms and molecules into the surface layers of the crystal in 
cracks and other imperfections, so that they preserve their chemical 
identity, which is not the case when they are incorporated substitutionally. 
The sensitizing atoms and molecules are indeed most likely to be formed 
at regions of surface imperfection where the most reactive sites are to 
be found and further crystal growth may result in their being built into 
such regions. — This would increase the local imperfection and consequently 
the probability of trapping electrons there. The foreign atoms and 
molecules might themselves, of course, combine with the positive holes. 
att aes hi ye incorporation of sensitizing atoms and 
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for further research on chemical sensitization ; both may, indeed, be 
realized in practice. It became increasingly evident, however, that 
such theoretical speculation on the detailed nature of chemical sensi- 
tization, although stimulating, was not leading to sound progress, 
owing to the lack of experimental evidence on the properties of the 
surfaces of silver halide crystals covered with layers of sensitizing 
substances. It was not, for instance, known whether the presence of 
such layers on the external surface would cause spontaneous fogging, 
or whether their primary purpose was to provide traps for electrons or 
for holes. A new approach to the subject of chemical sensitization was 
clearly necessary. 

A method for investigating chemical sensitization based upon the 
use of sections of single crystals of silver bromide as the experimental 
material was therefore developed. These were produced in the form 
of thin sheets with flat plane parallel surfaces by crystallizing a film of 
molten silver bromide between two optically polished flats of Pyrex 
glass. The main object of the work was to obtain evidence which would 
permit the assessment of the relevance of the alternative theories of 
chemical sensitization and the formation of the latent image to actual 
photochemical processes. For this reason surface layers of various 
sensitizers were evaporated onto the surface of some of the crystals. 

The distribution of the latent image between the surface and the interior 
of the crystals was found to depend upon whether the crystals were 
exposed in a strained condition, or after annealing at low temperatures 
which caused the development of a polyhedral sub-structure, or after 
annealing at high temperatures. When non-sensitized crystals of pure 
silver bromide were used, a surface latent image was formed only in 
fully annealed crystals. Here the internal latent image was relatively 
unimportant. With strained specimens, whether or not lightly annealed, 
a surface latent image was not formed. Silver then separated in 
dislocations, and revealed, for instance, the boundaries of the polyhedral 
sub-structure referred to above. This silver formed an internal latent 
image. These experimental observations are in good agreement with 
the theoretical deductions made by Mitchell (1952 b) in a recent paper 
on the application of the Gurney—Mott mechanism to the formation 
of the latent image in chemically non-sensitized crystals of silver halides. 

It was next demonstrated that the condensation of thin films of silver, 
gold and of metallic sulphides on silver halide crystals from atomic and 
molecular beams of these substances confers upon them the properties 
usually associated with the corresponding types of chemical sensitization. 

Taken as a whole, the experimental results lead to the following 
conclusions : 

(1) A surface latent image can only be produced in non-sensitized 
crystals when relatively perfect ; very little internal image is then formed. 

(2) An internal image is formed in non-sensitized, strained or 
polygonized, silver bromide crystals by the separation of silver at 
dislocations and at systems of dislocations. Under these conditions, 
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any silver atoms which might separate at the surface provide traps for 
positive holes, so no surface latent image 1s formed. 

(3) The surfaces of all crystals, strained or unstrained, can be 
sensitized for the formation of a surface latent image by the deposition 
of thin layers of silver, gold and of the sulphides of trivalent arsenic 
and antimony and monovalent thallium. Y 

(4) One function of these sensitizing layers is to provide traps for positive 
holes. They do not provide traps for electrons at room temperature. 

(5) The experimental results indicate that the density of traps for 
electrons in silver bromide crystals is greatest at regions of structural 
imperfection. Such regions are sensitivity centres. 

(6) In sensitized crystals, positive holes are trapped by particles of 
the sensitizing substance and, less effectively, by bromide ions occupying 
kink sites. Electrons are trapped by silver ions at imperfections on 
external surfaces or within the crystals. The space charges thus created 
are then neutralized by the motion of silver ions from the neighbourhood 
of the trapped holes to the neighbourhood of the trapped electrons. 

(7) A succession of these events, each transferring a silver atom to 
the sensitivity centre, builds up a group of silver atoms which represents 
the latent sub-image. 

(8) The second function of the groups of atoms and molecules of the 
sensitizing layer now comes into play. The groups near the sensitivity 
centres provide condensation nuclei for the silver atoms of the sub- 
image and increase their size to form a stable latent image. 

(9) When such particles exceed a critical size they can act as develop- 
ment centres and initiate the reduction of the silver bromide. 

The experimental results provide strong supporting evidence for the 
Gurney—Mott two-stage mechanism for photochemical changes but not 
for the Gurney—Mott theory of the formation of the surface latent image. 
It has been demonstrated that the electrons are not trapped by sensitivity 
specks of silver or of a metallic sulphide and that the sensitizing substance 
plays an essential role in trapping positive holes. In this respect, the 
evidence supports the postulate of Mitchell on the necessity for trapping 
holes and electrons at separated sites. The mechanism for the formation 
of the latent image which emerges from the experimental work and which 
is presented in the final section was, however, not fully covered by any 
previous theory. 

In concluding this introduction, it may perhaps be well to emphasize 
that the possibility that the atoms or molecules of the sensitizing 
substance are incorporated in the surface layers of silver bromide 
crystals is not relevant to the interpretation of the results of this 
experimental work. Such a building in of the sensitizing substance, 
either mechanically or substitutionally, was deliberately excluded 
in the design of the experiments, which did not aim at reproducing 
the conditions prevailing during the chemical sensitization of the silver 
halide microcrystals of an emulsion. Such work has, however, now been 
in progress at Bristol for some time and the results (Evans and Mitchell, 
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to be published) establish that the large single crystals of silver bromide 
can be sensitized in the same environment, by the same reagents, under 
precisely the same physico-chemical conditions ag the microcrystals 
of a silver bromide emulsion. The properties of the sensitizing layers 
produced in this way appear to correspond very closely indeed with those 
of the thin films deposited in the present experimental work. 


§ 2. EXPERIMENTAL Mernops 
Preparation of Fused Silver Bromide 


The raw materials used were very pure silver nitrate provided by 
Kodak Ltd., Harrow, and hydrobromic acid of ‘ Analar ’ quality supplied 
by British Drug Houses. Silver bromide was precipitated by running 
equivalent quantities of N/10 solutions of silver nitrate and hydro- 
bromic acid, preheated to 60°c, at slow equal rates through concentric 
jets into a large beaker in which the mixed solutions were vigorously 
stirred. The use of the concentric jets ensures that the precipitated 
silver bromide is not subsequently brought into contact with solutions 
containing an excess of silver ions or of bromide ions. After thirty 
minutes at 60°c, the precipitate was washed a number of times by 
decantation and then filtered with a sintered glass Buchner funnel. 
It was rapidly dried to a free flowing powder in a vacuum freeze-dryer, 
the temperature of the powder being finally raised to 200°c. Doubly 
distilled water from all glass stills was used throughout and every. 
precaution taken to minimize contamination. 

The silver bromide was now transferred to a Hysil glass tube to which 
a side arm containing a phial of bromine, frozen in liquid air, was sealed. 
The tube was evacuated with a mercury diffusion pump and sealed off 
from the pumping system. The silver bromide was melted by placing 
the tube in an electric furnace at a temperature of 450°c, the side arm 
containing the bromine being meanwhile warmed up to 60—70°c. After 
half an hour, the bromine was re-frozen, the tube was opened, and the 
clear molten silver bromide filtered through a series of fine glass capillary 
tubes into a Hysil tube mounted vertically in another electric furnace 
which was also at 450°c. A slow stream of pure dry nitrogen was passed 
to displace oxygen which reacts with silver bromide at this temperature. 
As an intermediate step in the preparation of thin sheets, the silver 
bromide was converted into pellets of suitable size by transferring it, 
a globule at a time, with a thin walled glass tube to a cold Hysil plate 
which immediately chilled the pellets and thus prevented any reaction 
with the oxygen of the atmosphere. 


Preparation of Thin Sheets of Silver Bromide 


Sheets of silver bromide were prepared by crystallizing thin films of 
the molten material between circular polished plates of Pyrex glass, 
2in. in diameter. For this purpose, a stainless steel slab 24in. long 
by 6in. wide by }in. thick was heated to a temperature of 550°C at a 
distance of 6 to 9 in. from one end. When steady conditions were 
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established, the other end reached a temperature of about 100°c. Two 
Pyrex plates were carefully cleaned and oradually heated by slowly 
displacing them up the temperature gradient. During this time, they 
were protected from contamination with Hysil glass covers. Three 
short sections of Hysil glass rod of either 0-010 in. or 0-015 in. in diameter 
were now placed radially and symmetrically round the edge of one of 
the plates which was then covered with the other plate. The pellet of 
silver bromide was melted in a Hysil tube which was drawn out to a 
fine capillary at one end; a slow stream of pure nitrogen was passed 
through it to displace the air. The molten globule was then rapidly 
transferred through the capillary to the thin gap between the Pyrex 
plates and drawn into it by capillary attraction. By following this 
procedure, the silver bromide was exposed to air for the minimum time 
while in the molten state. The sandwich was now displaced down the 
temperature gradient until the temperature at the forward edge of the 
molten film fell to the melting point when a small seed crystal formed 
there. Further slow displacement, which was effected mechanically, 
converted the bulk of the film into a single crystal or a few large crystals ; 
a [100] direction was usually within' 15° of the normal to the surface. 
The contraction of the silver bromide which accompanies solidification 
causes the formation of a pipe at the rearward edge of the sheet.. The 
less pure material of this region was sometimes polycrystalline and was 
never used for experimental work. 

Single crystal sheets with other orientations appeared by chance from 
time to time for no apparent reason. In particular, at one period a 
series of sheets with perfect (111) orientation was produced. Sheets 
with special orientations were, however, usually grown by a modification 
of the above method. With a diamond saw, a segment was cut from the 
forward edge of the upper plate so that a seed crystal could be mounted 
on a glass wedge in contact with the thin film. As before, the sandwich 
was displaced down the temperature gradient until solidification began 
at the forward edge of the film. The seed crystal, which was to determine 
the orientation, was then placed in position and the sandwich displaced 
in the direction of increasing temperature until the edge remelted and 
the lower portion of the seed melted into contact with it. Reversal 
of the direction of displacement then resulted in the crystallization of 
the layer with an orientation determined by the planes of the seed crystal 
which were parallel to the surfaces of the glass discs. Crystals of silver 
bromide with (111) surfaces have been produced by this method using as 
seeds appropriately oriented sections cut from (100) sheets. Attempts 
to use sections of (111) orientation placed in contact with the lower plate 
as seeds and cooling them with a small jet of nitrogen to prevent their 
melting have not been particularly successful. 

After the complete solidification of the silver bromide, the sandwich 
was slowly displaced down the remainder of the temperature gradient 
and allowed to cool to room temperature. To prevent contamination 
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and scratching of the soft surfaces, the sheets were kept between the 
glass discs until required for use. They could then be readily separated 
by placing the sandwich in a crystallizing dish and covering it with 
distilled water but thereafter the greatest care had to be taken to avoid 
marking the surfaces. 

Pyrex glass and silver bromide have widely differing coefficients of 
thermal expansion and yet adhere strongly to each other when not 
immersed in water. The silver bromide sheets which are produced 
by the method described here are consequently always strained and, when 
examined in the polarizing microscope, they have the appearance of the 
crystals in a thin section of a coarsely crystalline granite. This provides 
a very direct method for selecting areas suitable for different experiments. 
Unannealed strained material or polygonized material was used for the 
bulk of the experiments because it provided a better model for the 
microcrystals of silver bromide emulsions than fully annealed material, 
in which very little internal latent image was usually formed. 

The sheets were, however, often annealed after their separation from 
the glass plates. For this, they were placed on discs of Pyrex glass 
of 2 in. diameter and packed into a vertical tube with suitable separators. 
A sidearm containing a phial of bromine was sealed on and the apparatus 
was then sealed to a vacuum manifold and exhausted with the bromine 
cooled in liquid air. It was sealed off and placed in a vertical tube 
furnace at a temperature of 150° to 400° for four hours, the tube containing 
the bromine being maintained at a temperature which corresponded 
to a vapour pressure of 2 atmospheres of bromine. After four hours, 
the bromine was cooled to a low temperature and equilibrium with the 
crystals re-established at the lower vapour pressure. The apparatus 
was then slowly cooled to room temperature. This appears to be the 
only method of producing single crystals of silver bromide of stoichio- 
metric composition. The crystals produced in this way were optically 
clear and showed a negligible fog level. 

The annealing of strained crystals in the temperature range between. 
150°c and 350°c developed a polyhedral sub-structure (Cahn 1950) 
and caused the disappearance of the bulk of the strain birefringence. 
The polygonized structure was clearly revealed when particles of silver 
separated in the walls and networks of dislocations constituting the 
boundaries between adjacent polyhedral elements on exposure to light 
(Hedges and Mitchell 1953). It slowly disappeared when the crystals. 
were annealed above 350°c and very little internal separation of silver 
then occurred even on prolonged exposure. 


Preparation of Specimens 


The sheets were cut into square sections, with a side of 5 to 7mm, 
with a clean razor blade on a piece of plate glass. They were then mounted 
on 3in. by 1 in. microscope slides with the minimum quantity of Styrax 
mounting medium or of hard cooked Canada Balsam. 
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To allow the surface to come to equilibrium after cutting and mounting 
and to remove any silver produced by the reaction of the silver bromide 
with the iron of the blade, all the specimens were treated for 30 minutes 
with a 10% solution of potassium bromide in distilled water which had 
been saturated with bromine. After this, the surface was brought to 
a standard state for most of the experimental work by treatment with a 
5%, solution of semi-carbazide nitrate in a 10% solution of potassium 
bromide and then thoroughly washed and dried. It should be 
emphasized that careful comparative tests demonstrated that these 
treatments were without effect on the experimental results. 

Surfaces prepared in this way on strained or polygonized crystals of 
very pure silver bromide showed a low surface density of fog specks 
which were of physical origin. They could be eliminated by treating 
the surface with effective antifoggants, but this was not done in any 
of the experimental work described in this paper. They could also be 
eliminated by crystallizing silver bromide from a super-saturated 
solution in hydrobromic acid upon the surface and thus forming an 
oriented overgrowth of small crystals, with a side of approximately 
10 microns. Although such specimens are being used for experiments 
on sensitization by digestion with solutions of inert gelatine and added 
sensitizers (Evans and Mitchell, to be published), they have not been 
used in the present work; consequently the photomicrographs of the 
areas used as controls always show a certain surface density of fog 
specks. 


Sensitization of the Surfaces of Specimens 

The primary purpose of these experiments was to establish whether 
the surface of a single crystal of silver bromide, with one of the crystal- 
lographic orientations usually found in the microcrystals of photographic 
emulsions, could be sensitized for the formation of a surface latent image 
with a thin film of silver, gold or of a metallic sulphide. The most direct 
method of solving the problem was found to be the condensation of 
thin films of these substances on the surfaces of the crystals by exposing 
them to well collimated atomic or molecular beams under high vacuum 
conditions. 

The apparatus used for this purpose had a lower flanged glass bowl 
with four tungsten electrodes sealed through its base. It was sealed 
to the manifold of a high vacuum system comprising a trap cooled in 
liquid air, a mercury vapour diffusion pump and a two stage rotary 
backing pump. Parallel tungsten strips for evaporating silver and gold 
from beads of these metals were mounted on two pairs of leads close 
to the centre of the bowl and shielded from each other with a sheet 
of molybdenum. Metallic sulphides were evaporated from a narrow, 
vertical flanged silica tube which rested in a closely wound coil of 
nichrome. The apparatus has been used for the individual, successive 
or simultaneous evaporation of sensitizing substances but only the 
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results of experiments with surfaces sensitized with single substances 
are reported in this paper. When the evaporators had been prepared 
and charged, a doubly flanged glass tube was cemented into position with 
Apiezon W wax which was protected from radiation from the evaporating 
filaments with a cylindrical metal shield. This glass tube carried a 
pair of anodized aluminium discs connected by three threaded steel 
rods. On the frame thus formed were mounted two beam defining 
apertures, the magnetically controlled shutter for determining the 
condensation time, and three studs for accurately locating the specimen 
holder. 

After the surface conditioning treatment described above, the specimen 
was mounted in the holder, and, if required, one or more straight edges 
were positioned in front of it to define the area of the sensitizing deposit. 
The flanged cover was cemented in position and the pressure was reduced 
to 10°§*mm Hg for the evaporation. The amount of radiation from 
the filaments falling on the surface during sensitization with gold 
and silver was reduced to a minimum by the beam defining apertures 
and the results showed that this did not cause fogging of the specimen. 
The radiation emitted during the evaporation of the metallic sulphides 
selected for the work was completely negligible. The apparatus was_ 
always allowed to cool to room temperature in vacuum and the 
sensitized sheets were exposed immediately after their removal from it 
and developed soon afterwards. 


Exposure of the Specimens to Light 


Specimens were exposed to both steady and intermittent light sources. 
For steady exposures, a tungsten ribbon filament lamp and both a 
medium and a high pressure mercury vapour lamp were used. The 
filament or arc was imaged into the centre of a good quality anastigmat, 
mounted in a Compur shutter, with a second anastigmat. A slit 
mounted in contact with this latter lens, was imaged at the conjugate 
point of the first lens as a sharply defined uniformly illuminated patch 
of light which was used for exposing the specimens. Scattered light 
was eliminated as far as possible by mounting a slit or straight edge 
immediately in front of the specimen. Exposures of less than five 
seconds were timed with the Compur shutter and longer exposures 
were timed using the shutter in conjunction with a stop watch. Filters 
were used where required, to isolate relatively broad bands from the 
radiations of the mercury vapour lamps. 

For one important series of experiments, a sharply focussed reduced 
image of a uniformly illuminated slit was formed on the surface of the 
specimen with a x 20 achromatic objective using the vertical illuminator 
of the microscope. The specimen could be traversed with the mechanical 
stage of the microscope and a series of exposures of different durations 
thus made. The separation of photolytic silver during illumination 
through the vertical illuminator both near and well below the surface 
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could be followed by observing the field with the cardioid ultra- 
microscope using intense orange red illumination. With this arrangement, 
experiments could also be made in which the surface was covered with 
a thin film of a solution confined between the underside of a cover glass 
nd the specimen. 

; For emia illumination, the arc channel of a 250 watt high 
pressure mercury vapour lamp was focussed with an achromatic lens 
at the centre of a lens mounted as close as possible to the plane of a 
slotted disc. The second lens formed an image of the aperture of the 
first lens and was combined with a cylindrical lens to produce a horizontal 
rectangular patch of light. The specimen was exposed behind a slit 
or straight edge in the focal plane of the combination. The slotted 
disc was driven by a 3000r.p.m. synchronous motor and the width 
and spacing of the slots determined an exposure of 50 micro-seconds 
at a repetition rate of 800 persecond. The high pressure mercury 
vapour lamp produced a periodic output with 100 light pulses per second. 
The exposures given by successive pulses were consequently not uniform 
but this does not affect any of the qualitative conclusions drawn from 
the work. 

For a number of experiments with monochromatic light, the principal 
lines of the mercury vapour are were isolated with a single monochromator 
of Littrow type combined with broad band filters. This was constructed 
from an achromatic lens, a 60° angle dense flint prism, and a surface 
silvered optical flat. The horizontal exit slit of the illuminating system 
was used as the source. This apparatus provided both steady and 
intermittent monochromatic illumination. The specimen was mounted 
above the optical axis of the system and the image of the slit in the 
required monochromatic radiation was selected and focussed on to it. 


Exposure of Specimens to Light with the Application of Synchronized 
Voltage Pulses 


In many experiments it was desirable to attempt to separate the 
electrons and holes created by the absorption of photons in the silver 
bromide so that their individual interactions with the sensitizing layers 
could be studied. This was done by mounting a condenser in contact 
with the surface of the specimen and applying voltage pulses synchronized 
with the light pulses. The use of the condenser arrangement obviated 
difficulties which would otherwise arise from the separation of silver 
and bromine due to electrolysis of the silver bromide. 

The condenser was constructed as follows. The surface of the specimen 
was covered with a very thin uniform cleavage plate of mica and two 
pieces of silver foil were placed in position. They were used as electrodes 
for applying the voltage pulses and their edges defined the slit through 
which the specimen was illuminated. They were covered with a further 
thin sheet of mica and the condenser thus formed was pressed into gentle 
contact with the surface of the specimen with a section of a 3 in. by 1 in. 
slide and two clips. 
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The voltage pulses, which were of square topped form, were produced 
by deflecting a fraction of the focussed beam emerging from the rotating 
slotted disc on to a photelectric cell and then amplifying the output 
with a pulse shaping circuit to give voltage pulses, synchronized with the 
light pulses, with a constant maximum amplitude of 500 to 1 000 volts | 
and a width of 50 microseconds. 


Development of the Specimens 


Many different developers were used during the early stages of the 
investigation and the results of experiments on development will be 
reported in another paper (Keith and Mitchell, to be published). 

The specimens from which the photomicrographs reproduced in this 
paper were prepared were all developed in the following solution for 
times between 30 seconds and four minutes : 


Metol 0-67 g 
Sodium sulphite (anhydr) 26 g 
Hydroquinone 25 g 
Sodium carbonate (anhydr) 26 g 
Potassium bromide 0-67 g 
Gelatine 1-67 ¢ 
Water to make 1 000 ce. 


The gelatine was swelled in cold distilled water and then dispersed in 
hot water before being added to the solution of the remaining chemicals. 
The addition of gelatine to the developer caused a slight reduction in 
the surface density of fog specks. A further slight reduction could be 
effected by the addition of pinacryptol yellow and of certain antifoggants 
but these were seldom used. 


Mounting of Specimens 

After development, the specimens were thoroughly washed in a slow 
stream of distilled water, dried and mounted either in Styrax mounting 
medium, or in Canada Balsam dissolved in xylene, and protected with 
a cover glass. 

§3. EXPERIMENTAL RESULTS 
Experiments with Non-sensitized Orystals of Pure Silver Bromide 

The aim of the first series of experiments was to establish whether 
a latent image was formed in a crystal of pure silver bromide when it 
was exposed to light with a wave-length in the absorption band. ‘The 
results proved that a latent image was always formed and that its 
distribution between the surface and the interior depended upon the 
physical properties of the crystal. sige 

Single crystals which had been annealed within 20° of the melting 
point until no further changes occurred gave only a weak internal image ; 
a developable surface latent image was formed over a considerable range 
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of exposures. The internal image could be revealed by treating the 
surface with a dilute solution of potassium cyanide, and developed after 
thorough washing of the surface with distilled water ; it was formed 
only in the immediate neighbourhood of the surface. Prolonged 
exposures caused the appearance, at the surface, of thread-like or 
filamentary growths of silver and of etch pits. The exposed region 
of a well annealed crystal could always be developed with a normal 
surface developer. s 

A latent image was never formed at the surface when unsensitized, 
strained or polygonized crystals were exposed to light. The experiments 
covered a wide range of exposures with varying intensities and exposure 
times and included exposures to very low intensities and to high intensity 
intermittent illumination. After development, the surface density of 
fog in the exposed region was always indistinguishable from that in the 
unexposed region. 

The exposures, both to steady and to intermittent illumination, were 
therefore increased until a visible greenish-grey image of print-out silver 
was formed and the specimen was developed as before. In the exposed 
region, discrete specks of silver, which could be observed with the ultra- 
microscope, were formed both apparently at the surface and beneath 
it. They were, however, unable to initiate the reduction of the silver 
bromide in their neighbourhood and thus did not constitute a surface 
latent image. This is illustrated in fig. 1 (Plate 17) which shows the 
boundary between the exposed and the unexposed region after 
development. It was observed that the density of fog was the same in 
the exposed and the unexposed regions (three fog specks only are 
reproduced in the figures), and that the particles of photolytic silver 
were ineffective as development centres. Only when the exposures 
were prolonged to the point where massive filamentary threads and 
particles of photolytic silver had separated, with partial disintegration. 
of the surface due to extensive pitting, was there any enhancement in 
the surface developability of the exposed region; the effects then 
observed were quite different from those in other experiments in which a. 
surface latent image was formed by a short exposure to light. 

In a further series of experiments, the specimens were positioned 
on the stage of the microscope and the surface was illuminated with an 
intense orange red beam using the dark field illuminator of the ultra- 
microscope. It was first confirmed that the specimen was optically 
clear. The exposure was made through the vertical illuminator of the 
microscope and interrupted as soon as the first scattering centres were 
observed at the surface of the crystal. The surface was then developed 
but no trace of an image was ever found. 

It was therefore assumed that all the particles of silver which were 
observed in these experiments were actually located beneath the surface. 
This was confirmed by treating the surface with warm nitric acid, which. 
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instantly removed a thin film of silver, but, under the same conditions, 
left the particles of photolytic silver completely unchanged. The 
density of these particles decreased as the depth below the surface 
increased. They separated preferentially in the walls and networks 
of dislocations which form the boundaries of the polyhedral sub-structure 
and divide the crystal up into elements of almost identical crystallo- 
graphic orientation (Hedges and Mitchell 1953). The revelation of this 
structure in a single crystal of silver bromide, annealed at a low 
temperature, through the separation of silver in the boundaries during 
the progress of a photolytic exposure is particularly striking when visual 
observations are made with the ultra-microscope and the illumination 
takes place through the vertical illuminator. It was observed that the 
pattern extended to ever increasing depth with increasing duration of 
exposure and that the particles in any particular region apparently 
ceased to grow after reaching a certain critical size. For a strained 
but partially polygonized specimen, the sub-structure is illustrated in 
fig. 2 (Plate 17) which is a photo-micrograph of the same region as fig. 1 
with the microscope focussed 10 microns below the surface. The 
distribution of the internal silver in a polygonized specimen is shown 
in fig. 3 (Plate 18). 

Continuing work on the hypothesis that the particles of silver of the 
print-out image were actually all below the surface, strained or 
polygonized specimens were exposed through a slit until a print-out 
image was produced and then treated for a minute with a very weak 
solution of potassium cyanide to dissolve the surface layer of silver 
bromide. They were then thoroughly washed and developed in the 
metol hydroquinone developer. A sharply defined dense black negative 
image (black in the exposed regions) of the slit was formed demonstrating 
clearly that the internal photolytic silver could initiate development 
when it was laid bare by treating the surface with a solvent for silver 
bromide. The exposed region could also be developed with the internal 
latent image developer used by Stevens (1942), and with the metol 
hydroquinone developer used throughout the present work after the 
addition of ammonium thiocyanate or sodium or ammonium thiosulphate. 

Experiments were then made in which the exposure was steadily 
reduced until only the first traces of photolytic silver were observable 
in the ultra-microscope. An internal latent image could then be 
developed as before when the surface was first treated with a weak 
solution of potassium cyanide. Still shorter exposures which produced. 
no visible change (the same as those which caused the formation of a 
negative surface latent image on surfaces of specimens sensitized with 
silver) gave a developable internal latent image, and there was no trace 
of a surface image. An exposed area of a polygonized specimen, 
developed after the dissolution of the surface layers of silver bromide 
with a dilute solution of potassium cyanide, is illustrated in fig. 4 
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(Plate 19). There were very few fog specks in the unexposed control area. 
It will be noted that the distribution of the internal development centres 
corresponds with the boundaries of the polygonized structure. : 

It was found that the internal image formed in strained and polygonized 
crystals was attacked by the same reagents and under the same conditions 
as the internal latent image in a photographic emulsion. It was, 
moreover, not attacked by dilute solutions of potassium ferricyanide. 
These are good reasons for believing that the large strained or polygonized 
single crystals of silver bromide provide a useful model for the 
microcrystals of the emulsion. 

Summarizing, a surface latent image was only formed during the 
exposure of relatively perfect crystals of pure silver bromide which 
form a weak internal image. Taken in conjunction with the experiments 
on the surfaces of similar crystals covered with thin films of silver, 
which are described in the next section, the results with strained and 
polygonized specimens lead to the working hypothesis that a surface 
latent image is not formed because any silver which actually separated 
at the surface would trap a fraction of the positive holes corresponding 
to the electrons trapped to form the internal silver. In the annealed 
crystals, on the other hand, silver is formed as follows. A bromide 
ion occupying a kink site traps a positive hole; a bromine atom, or, in 
the case of a double event, a bromine molecule may then escape from the 
surface. This will leave one or two silver atoms to contribute to the 
latent image. It appears that the greatest density of reactive sites 
on the surface is associated with the structural imperfections which form 
the fog specks on development. The etch pits, already mentioned, 
which appear after prolonged photolytic exposures, are formed by the 
escape of bromine from these imperfections and the migration away 
of silver ions. 

As a test of the above hypothesis, the surface was covered with a thin 
film of a 5% solution of semi-carbazide nitrate (an efficient halogen 
acceptor) and exposed through the vertical illuminator of the microscope. 
The specimens were then thoroughly washed and developed. An intense 
negative image was formed on the surface after an exposure of the same 
order as that required for a surface sensitized with a thin film of silver 
or of gold. Control experiments showed that the presence of a film of 
water in contact with the surface during exposure did not in any way 
facilitate the formation of a surface latent image. Further experiments 
with aqueous solutions of other halogen acceptors gave similar results ; 
hydrazine hydrobromide, sodium nitrite, sodium sulphite and a number 
of strongly adsorbed organic halogen acceptors were used. This work 
establishes that a developable latent image can be formed on the surface 
by exposing the crystal while it is in contact with a solution with strong 
halogen accepting properties. An example is given in fig. 5 (Plate 19) 
which shows a surface developed after exposure under a 5% solution 
of semi-carbazide nitrate. 
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The negative results of all the experiments with crystals of pure silver 
bromide suggested that in strained or polygonized crystals any silver 
atoms which separated at the surface recombined with bromine atoms 
to form molecules of silver bromide. An attempt was therefore made 
to separate the electrons and the positive holes by exposing to inter- 
mittent light while synchronized voltage pulses were applied to the 
electrodes defining the slit (see the experimental section for details). 
Although it was anticipated that a developable surface latent image 
would be formed by the separation of silver under the anode and the 
escape of bromine under the cathode, the results of a long series of 
experiments were entirely negative. An internal latent image was, 
however, formed under the anode. This appears to indicate that, even 
under these conditions, any silver atoms which separate at the surface 
recombine with bromine atoms to form molecules of silver bromide. 


Experiments with Silver Bromide Surfaces covered with Thin Films of 
Silver 


The object of a second series of experiments was to determine the 
properties of silver bromide crystals covered with thin films of silver, 
which were condensed by allowing a beam of silver atoms to fall on the 
surface for a definite time. The evidence in the literature and recent 
experimental work at Bristol indicate that such films are built up from 
discrete particles consisting of groups of silver atoms (Holloway 1952). 
This will certainly be so in the present series of experiments where the 
surface density of silver atoms was usually less than that corresponding 
to a monolayer; here the considerations of Reinders and Hamburger 
_ (1932, 1933) are relevant. 

According to these ideas, a thin film of silver deposited from a beam 
of silver atoms upon the surface of a crystal of silver bromide should 
provide an accurate model of the surface latent image. The aim of the 
first experiment was therefore to find out whether the surface of a silver 
bromide crystal which was covered with a thin film of silver was reduced 
to metallic silver in the metol hydroquinone developer without previous 
exposure to light. A layer with 101° atoms of silver/em* was deposited 
while half of the surface of the crystal was protected from the beam 
with a straight edge. The presence of this layer caused immediate and 
rapid reduction of the surface of the silver bromide crystal in the 
developer. The boundary between the two parts of the surface is shown 
in fig. 6 (Plate 20). The silver produced by development could be dissolved 
away in nitric acid to reveal a heavily corroded silver bromide surface. 
A silver film with this mean surface density of silver atoms showed the 
same behaviour towards solutions of oxidizing agents such as chromic 
acid as does the surface latent image of a photographic emulsion. Although 
not providing conclusive proof, this evidence strongly suggests that the 
model which supposes that the surface latent image consists of a speck 
of silver on the surface of the grain is well founded. 
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The properties of surfaces covered with these fogging layers of silver 
were now studied in greater detail with particular regard to their 
interaction with electrons and holes in the first stage of a Gurney—Mott 
mechanism. <A strip of silver with 101° silver atoms/cm’ was deposited 
across the centre of the specimen which was then exposed through a 
slit at right angles to the edge of the deposit and developed. With 
a very short and critically determined exposure, a negative image 
(black in exposed areas) was formed in the non-fogged illuminated part 
of the surface without any apparent change elsewhere. This image 
disappeared when the exposure was lengthened and an internal image 
was then formed and built up in the illuminated area. It was clear that 
the destruction of the surface image was due to the release of bromine 
associated with the formation of the internal image. At the same time, 
the width of the strip of silver decreased in the exposed part and increased 
in the unexposed part of the specimen. This is illustrated in fig. 7 
(Plate 20) which shows the surface after development. The spreading 
of the developed area away from the edge of the silver deposit, which 
increases with the duration of the exposure, is particularly significant. 
An area near the edge of the image after development is shown at a higher 
magnification in fig. 8 (Plate 21). It will be noted that development 
centres have appeared on the surface which are clustered in groups. 
The fact that this surface latent image spreads steadily away from the 
strip of deposited silver with increasing exposure seems to demonstrate 
conclusively that even particles of silver on the surface which can act 
as development centres do not provide traps for electrons. If they did, 
there is no reason for supposing that a surface latent image would be 
formed anywhere except in the immediate neighbourhood of the strip 
of silver. It is clear from these experiments that the electrons are 
being captured by silver ions in the non-sensitized surface of the silver 
bromide rather than by the groups of silver atoms of the thin film of 
silver. When these experiments were repeated using polygonized 
material instead of strained material, it was found that the most effective 
trapping sites for the electrons were situated along the intersections of 
the boundaries of the internal polyhedral network with the surface 
of the crystal. 

These observations agree well with a recent discussion of the role of 
structural imperfections in the formation of the latent image (Mitchell 
1952b). There are two causes for the narrowing of the original silver 
deposit in the exposed region ; first, trapping of positive holes or reaction 
with part of the bromine liberated during the formation of the internal 
latent image in the exposed area, and, secondly, reaction with a fraction 
of the bromine atoms, equivalent in number to the silver atoms which 
separate to form the latent image of the un-exposed area. A longer 
exposure causes the complete disappearance of the silver deposit in the 
exposed area and the sharp boundary which then divides the exposed 
area from the un-exposed area after development is shown in fig. “9 
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(Plate 21). It may be said that the silver deposit from this area is 
re-distributed as a result of the exposure, part of it forming the surface 
and internal latent images in the un-exposed region and part a fraction 
of the internal latent image in the exposed area. Many further 
experiments were designed to test these conclusions and of these only 
one which is particularly significant will be described. 

In this experiment, a square array of circular spots of silver was 
produced on the surface of the crystal of silver bromide by allowing 
silver atoms from the atomic beam to pass through fine holes drilled 
in a mask of sheet nickel. As before, the mean surface density of silver 
atoms was 101°/cm?. This density of silver atoms just ensures the 
developability of the surface of the crystal of silver bromide under the 
deposit. Two thirds of the specimen was covered with a straight edge 
and the remaining third exposed to light from a mercury vapour lamp 
for a few seconds and the specimen was then developed. This experiment 
was repeated many times with different exposures. It illustrates all 
the features which have been established for surfaces of crystals of silver 
bromide covered with thin films of silver. With a very short and 
critically determined exposure a negative surface latent image was formed 
in the exposed area without any perceptible change in the dimensions of 
the patches (which developed to a higher density) compared with an 
unexposed specimen. With longer exposures, the negative image 
disappeared, and there was a steady contraction in the size of the patches 
in the illuminated area accompanied by an increase in the diameters 
of the spots in the shadow area. From now on, an internal latent image 
was built up in the exposed area. This was followed by a steady decrease - 
in the size of the spots nearer the straight edge and a corresponding 
increase in the size of those further away. The expansion of the spots 
illustrates clearly that electrons are being trapped by surface sites near 
their edges rather than by their constituent groups of silver atoms. 
The contraction of those near the illuminated area shows that holes are 
trapped by the silver atoms. The nett result of exposure to light is a 
redistribution of the silver of the deposited spots to form both a surface 
and an internal latent image. The fact that the expanded discs have 
sharply defined boundaries shows that any electrons trapped by surface 
sites away from the silver deposit recombine with positive holes diffusing 
into the shadow region so that there is no resultant photochemical 
effect. The development area associated with a patch of silver film 
can expand under the combined influence of diffusing electrons and 
positive holes because the ‘original surface density of groups of silver 
atoms in the patch is greater than is necessary for the complete 
blackening of its area during development. Consequently, if electrons 
are trapped by sites on the surface near its edge and holes are trapped 
by groups of silver atoms associated with it, a subsequent motion of 
silver ions will result in the redistribution of the silver of the deposit 
with the expansion of the area of development. When strained or 
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polygonized single crystals are used for these experiments, a weak internal 
image is formed throughout the region in the shadow by the trapping 
of electrons by silver ions associated with dislocations. A dense negative | 
internal image is then always formed in the illuminated area. 

The next question which naturally presents itself is: can the surface 
of a crystal of silver bromide be sensitized for the formation of a surface 
latent image by a uniform layer of silver atoms with a lower surface 
density than that used in the previous experiments ? From the earliest 
days of the development of photographic science, it has been suggested 
that the sensitization of a silver halide emulsion depended, at least to 
a certain extent, upon a partial reduction of the surfaces of the micro- 
crystals to metallic silver. The experiments of Lowe, Jones, and 
Roberts (1951) on reduction sensitization with stannous chloride establish 
that this type of sensitization is indeed likely to be found. In the present 
series of experiments, it was observed that when a uniform thin film 
of silver with a surface density of silver atoms of 10'/cm? was deposited 
on half of the surface of a silver bromide crystal, which was then developed 
without exposure to light, the surface density of fog was the same in the 
control region as in the sensitized region. This important result 
establishes that groups of silver atoms below a certain critical size do 
not act as development centres for normal surface development, a con- 
clusion of considerable importance in discussions of the nature of the 
latent sub-image and of the formation of the latent image (see, for 
example, Burton 1946, Berg and Burton 1948). When a surface covered 
with a uniform deposit of silver was given a short exposure behind a 
slit, a negative latent image was formed. Figure 10 (Plate 22) shows the 
unexposed control area of a sensitized specimen after development and 
fig. 11 (Plate 22) shows the centre of the exposed area on the same specimen. 
Longer exposures caused the formation of a positive image of the slit. 
There was now a somewhat smaller density of fog specks in the exposed 
than in the unexposed control region and the edges of the shadow near 
the slit were outlined by a heavy deposit of developed silver. An 
internal latent image was formed in the exposed area. These experiments 
establish that the surface of the crystal of silver bromide can be 
sensitized for the formation of a surface latent image by the presence. 
of a thin film of silver with a mean surface density of 101 atoms/cm. 
This sensitizing film of silver was unaffected by water, but was destroyed 
by treatment with a dilute solution of potassium ferricyanide. 

The experiments in which intermittent light pulses were used for 
illuminating the specimen while synchronized voltage pulses were applied 
to the silver electrodes defining the slit were now repeated with silver 
sensitized crystals. In all the experiments, a heavy deposit of silver 
was formed under the anode as shown in fig. 12 (Plate 23). This proves 
that the first stage in the formation of the latent image in a silver 
sensitized crystal depends upon a displacement of electrons. The holes, 
In experiments on sensitized surfaces, will combine with silver atoms 
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to form silver ions which can drift towards the trapped electrons during 
the dark interval. It will be recalled that negative results were obtained 
when this experiment was attempted with a non-sensitized surface. 
In these and other experiments, it was observed that a grain boundary 
hinders the diffusion of electrons in polycrystalline material. 

The whole of the evidence presented in this section is consistent with 
the conclusion that one function of the sensitizing layer of silver is to 
trap positive holes, or in other words, to combine with bromine atoms, 
Traps for electrons are always provided by silver ions associated with 
structural imperfections of the crystals, but, in the absence of chemical 
sensitization, the surface traps are ineffective because the trapping of 
electrons by them is followed by their recombination with positive 
holes. The evidence suggests that, with silver sensitized crystals, the 
formation of the latent image depends upon the redistribution of the 
finely dispersed silver of the sensitizing layer, silver atoms being 
effectively transferred to localized regions of structural imperfection on 
the surface and in the interior where silver ions provide traps for electrons. 
At the surface, the silver atoms will then condense upon nuclei provided 
by the groups of silver atoms of the sensitizing layer and transform 
these groups into development centres. The extended regions where 
there is a high local density of traps for electrons are thus to be regarded 
as the sensitivity centres in the sense in which both Sheppard and Gurney 
and Mott used the term. 

Throughout the experiments in this section, exposures have been made 
to the total radiation from a tungsten strip filament lamp, to the total 
radiation from the mercury vapour lamps, and to the green line and the 
violet group of lines in the mercury vapour lamps. The slight differences 
which have been observed with these sources will require further and 
more detailed investigation to justify the space which would be required 
for their description. Here it is sufficient to state that all the effects 
described can be attributed to the liberation of mobile holes and electrons 
through the absorption of photons by the silver bromide. 


Experiments with Silver Bromide Surfaces covered with Thin Films of Gold 


The whole series of experiments, described in the previous section, 
with thin films of silver deposited on the surfaces of single crystals of 
silver bromide was now repeated with thin films of gold. Precisely 
the same observations were made and it appeared that the properties 
of the gold films were not significantly different from those of the silver 
films and that they had the same function in the formation of the surface 
latent image. A detailed description of the experimental observations is 
therefore unnecessary but a number of photo-micrographs will be included. 

Figure 13 (Plate 23) shows a phenomenon which was observed in all the 
experiments with surfaces sensitized with thin films of gold but never 
in those with silver. After the development of a gold sensitized surface 
without previous exposure, a pattern of unresolved particles could be 
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observed on the surface with the microscope. This provides evidence 
to support the assumption that the thin film of gold used for sensitization. 
consists of discrete particles. This subject is being further investigated, 
using physical developers for thin films of both gold and silver. Figure 14 
(Plate 24) shows another area of the same gold sensitized specimen as 
fig. 13 after it had received a brief exposure; a negative image was 
formed. With gold as with silver sensitized surfaces, longer exposures 
caused the disappearance of the surface latent image, an internal image 
being formed in the exposed part, and the appearance of a positive surface 
latent image near the edges of the slit defining the illuminated area. 
Figure 15 (Plate 24) is a photo-micrograph of the central region of a fogging 
gold strip after part of it had been completely bleached by exposure 
through aslit. This should be compared with fig. 9. Figure 16 (Plate 25) 
shows a region near the edge of the positive surface image produced in an 
experiment of the type illustrated in figs. 7 and 8. The clustering 
of the development centres about particular sites on the surface is 
noteworthy. These sites lie approximately along the lines of intersection 
with the surface of the polyhedral sub-structure of the partially 
polygonized crystal of which the internal surfaces were active in the 
formation of the internal latent image. This is further evidence that 
silver ions associated with localized structural imperfections of the surface 
provide the most effective trapping sites for electrons.* A thorough 
study was made of the distribution of these trapping sites on the surfaces 
of crystals which had received different thermal treatments before strips 
of gold film were deposited upon them. A clear correlation emerged 
between the strain birefringence patterns, the distribution of fog specks, 
the centres of crystallization for microcrystals of silver bromide 
separating conformably on the surface from a supersaturated solution 
of silver bromide in hydrobromic acid, the regions of localized trapping 
of electrons on the surface and the polyhedral sub-structure revealed by 
photolytic exposures. This jis an aspect of considerable importance 
in the application of the results of the present researches to corresponding 
phenomena in photographic emulsions. 
Experiments with Surfaces covered with Thin Films of Metallic Sulphides 
The technique which was used to deposit thin films of silver and of 
gold on the surfaces of crystals of silver bromide could not be directly 
applied to silver sulphide because of the low temperature at which this 
compound decomposes. Although the resultant sulphur and_ silver 
might be condensed in turn upon the surfaces, there was no likelihood 
that they would recombine at a reasonable rate, if at all, at low 
temperatures and an undesirable ambiguity would in any case be 
introduced by the presence of the silver. The whole range of metallic 
sulphides was therefore considered and thallous sulphide was selected 


as the sulphide with the properties most like those of silver sulphide 
* This experiment furnishes a valuable method for determining the distri- 
bution of traps for electrons on the surface of a crystal of silver bromide. 
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which might be expected to sublime without decomposition at low 
temperatures. Antimony sulphide (Sb,8,) and the two arsenious 
sulphides, realgar (As,S,) and orpiment (As,S,) were also used. All 
these sulphides volatilize at low temperatures and the structures of 
the two arsenious sulphides have been determined in the vapour phase 
by the electron diffraction method (Lu and Donohue 1944 a,b). This is 
a considerable advantage in experimental work of this kind. The 
experiments with thin films of thallous sulphide are of particular interest. 
Particles of thallous sulphide may themselves be able to sensitize the 
surface. But even if thallous sulphide should react with silver bromide 
in the dry system before development, which seems unlikely, the product 
could only be an equivalent number of molecules of silver sulphide and 
thallous bromide. Thus, in either case, the existence of a type of sulphur 
sensitization in which the metallic sulphide is present on the surface 
of the crystal of silver bromide appears to be demonstrated. The 
four sulphides were prepared by placing the required amounts of 
spectroscopically pure metal and very pure coarsely crystalline sulphur 
in the two limbs of an inverted ‘Y’ tube made from transparent fused 
silica. The tube was then evacuated and sealed off from the pumping 
system. The metal was melted and heated until it was condensing 
freely at the top of its limb of the ‘Y’. The sulphur was then heated 
and the two elements brought to reaction in this zone. At the end of 
the violent reaction, the fused sulphide was heated to a temperature 
of 800°c for a considerable time to complete the reaction. The tube 
was then tilted until an elongated globule was formed in one of the limbs. 
After crystallization, the thin rod was very readily broken up into a 
mass of fine cleavage fragments for the experiments. These will be 
described in turn, beginning with those on thallous sulphide. 

A film of this substance could be deposited which did not cause any 
significant change in the surface density of fog specks on development. 
A short exposure of the sensitized surface to light resulted in the 
formation of a negative latent image and the centre of an exposed area 
after development is shown in fig. 17 (Plate 25). With strained or 
polygonized material, reversal, accompanied by the formation of an 
internal latent image, was caused by only slightly longer exposures. 
After normal surface development, the exposed part of the surface 
was then completely clear apart from a certain residual density of fog 
specks while a dense image was formed in the shadow regions near the 
edges of the slit. The surface was heavily fogged by thicker films of 
thallous sulphide and it was estimated on the basis of quantitative 
experiments that the transition occurred at a nominal thickness between 
one tenth and one monolayer. 

The experiments, which have already been. described for silver and 
gold, in which a strip of a thin film of the sensitizer of sufficient thickness 
to cause fog was deposited down the centre of the specimen which was 
then exposed with the illuminating slit at right angles to the edge of 
the deposit were now repeated with thallous sulphide. Precisely the 
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same observations were made as have already been detailed in the 
discussion of the corresponding experiments with thin films of silver. 
These experiments demonstrate that the particles of thallous sulphide 
of the thin films, just like the silver and gold particles do not trap 
electrons. There is equally clear evidence that the thallous sulphide 
provides traps for positive holes. If silver sulphide were present at the 
same surface molecular density, it could not be expected to have very 
different properties. The possibility that the sensitizing substance 
might react with bromine or with positive holes was not considered by 
either Sheppard and his co-workers or by Gurney and Mott. 

The surface of a silver bromide crystal was also sensitized by a thin 
film of antimony sulphide. Figure 18 (Plate 26) shows an unexposed 
area of the surface after development and fig. 19 (Plate 26) another area 
of the same specimen developed after a very short exposure. As with 
thallous sulphide, a negative surface latent image was formed over a 
very short range of exposures, before reversal with the formation of 
a positive surface image and a negative internal image set in. The 
same observations were made with thicker fogging strips of antimony 
sulphide as were made with thallous sulphide, but still thicker layers 
of antimony sulphide completely protected the surface from the developer. 
Exactly the same observations were made with films of realgar (arsenious 
sulphide, As,S,). With increasing thickness, they sensitized, fogged 
and finally protected the surface from the developer. The molecules 
in the thinnest films of realgar did not act as effective traps for electrons 
but trapped positive holes or reacted with bromine atoms. 

The outstanding substance of this group of metallic sulphides was 
orpiment (arsenious sulphide, As,S,). Thin films of orpiment sensitized 
the surface over a wide range of exposures for the formation of a negative 
latent image. Figure 20 (Plate 27) shows a sensitized surface developed 
without exposure. The presence of the sensitizing substance is evidenc- 
ed by the distribution of unresolved diffraction discs. Figure 21 (Plate 27) 
is a photo-micrograph of the boundary between the exposed and the 
unexposed area on the same specimen, and fig. 22 (Plate 28) shows the 
central part of the exposed area. Orpiment was unique among the 
metallic sulphides investigated in that it did not cause the fogging of 
the surface at any film thickness, although as with antimony sulphide 
and realgar, thicker films protected the surface from the developer. 

Its remarkable efficiency as a sensitizer for the surface latent image is 
probably accounted for partly by this fact, which permitted much 
thicker deposits to be used, partly by the relatively large potential 
combining power for bromine per molecule of orpiment and, lastly, 
partly by the possibility that orpiment acts as an optical sensitizer for 
the formation of the surface latent image. It is noteworthy that, with 
orpiment, atoms of sulphur will be in contact with the surface of the 
silver bromide when the molecule lies on the surface, whereas with the 
other sulphides used contact will be made by atoms of the metal. With 
surfaces sensitized with orpiment, very long exposures, sufficient to 
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produce a visible image of internal print out silver, were required for 
the reversed or solarization of the surface latent image. 

Experiments with strips of deposits, thicker than were needed for 
chemical sensitization, gave the same results as had been obtained with 
silver, gold and the other metallic sulphides. They confirm the conclusion 
that the particles of the sulphide in the thin film do not provide effective 
traps for electrons although they trap positive holes or react with bromine 
atoms. As in the experiments with thin films of silver and gold, the 
electrons are trapped by silver ions associated with imperfect regions of 
the surface. It is worth remarking that in all the experiments with sur- 
faces sensitized with thin films the exposure at which reversal of the 
surface latent image became evident depended upon the nature of the 
sensitizing layer and upon the extent to which an internal latent image 
was formed. Gold and arsenious sulphide proved to be the most effective 
sensitizing substances and fully annealed single crystals which formed very 
little internal image provided the best material for the formation of a 
surface latent image. 

In all the experiments with strained or polygonized crystals it was 
evident that the chemical sensitizer was not fully effective because it 
was partly destroyed by bromine equivalent in amount to the silver 
which separated to form the internal latent image. The formation of 
-an internal latent image which is not active in a normal developer is 
thus clearly undesirable. On the other hand, the traps for electrons 
which concentrate the separated silver atoms in localized regions of the 
surface in this series of experiments appear to be associated with the 
intersections with the surface of the cellular network of the polyhedral 
sub-structure upon which the internal latent image is formed. 


§ 4. CONCLUSIONS 

During the early stages of the formation of the latent image in chemi- 
cally sensitized crystals, there is no photolysis of the silver bromide and 
bromine does not escape to the surroundings. The experimental results 
lead to the conclusion that the latent image is formed by the separation 
of an amount of silver, determined by the exposure, at the sensitivity 
centres and the reaction of a chemically equivalent amount of the sensitizer _ 
with bromine. In the case of reduction sensitization, exemplified in 
the present work by the deposition of a thin layer of silver on the surface 
of the crystal, this involves a redistribution of the silver of the sensitizing 
layer with its concentration at the sensitivity centres under the influence 
of light. The electrons are trapped by silver ions associated with 
localized regions of structural imperfection. Positive holes are trapped 
mainly by groups of atoms or molecules of the sensitizer, and when this 
is exhausted, a surface latent image is no longer formed with the high 
quantum efficiency characteristic of chemically sensitized crystals. 

These experimental results clearly demand a revision of the theory 
of the formation of the surface latent image in silver bromide crystals in 
which the sensitizing substance is present on the external surface. The 
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observation that electrons are not trapped by particles of metallic 
sulphides is, at first sight, difficult to reconcile with the conclusions 
drawn by Lowe, Jones and Roberts (1951) on the effect of sulphur 
sensitization in altering the distribution of the latent image between 
the surface and the interior of the grain. This observation seemed 
adequately explained by the assumption, that the sensitivity specks, 
produced by sulphur sensitization, provided deeper surface traps for 
electrons than any present in the non-sensitized grains. It is clear, 
therefore, that an altetnative explanation must be found for this effect 
of chemical sensitization and also for the other photographic effects which 
appeared to be satisfactorily accounted for by the Gurney—Mott theory. 

Taken as a whole, the results provide clear evidence for the operation 
of the Gurney—Mott two stage mechanism in the formation of the latent 
image in large single crystals of silver halides. In the first—the electronic 
stage of the mechanism—electrons and positive holes are liberated by 
the absorption of photons in the silver bromide. Both then diffuse 
freely through the crystal until they either recombine or are trapped at 
separated sites. The trapping of the holes and electrons completes the 
electronic stage of the mechanism. It results in the creation of space 
charges which are then, in the second—the ionic stage of the mechanism— 
neutralized by the motion of silver ions from sites near where positive 
holes were trapped to sites where electrons were trapped. 

The discussion of the formation of the latent image is complicated 
by the fact that its distribution between the surface and the interior 
of the silver bromide crystals depends upon the physical state of the 
crystals, on the nature of the sensitizing layers present upon their surfaces, 
and on the exposure. 

The first topic which must be considered is the nature of the sensitivity 
centres. According to the experimental results, the sensitivity centres 
in both chemically non-sensitized and chemically sensitized crystals 
are provided by the same structural imperfections. In the crystals 
used in the experiments described in this paper, these imperfections 
are the boundaries of the internal three dimensional network of polyhedral 
elements and the two dimensional polygonal network formed by the 
intersection of this structure with the external surface of the crystal. 
Such a detailed model may not be possible in other cases. Internal 
concentrations of dislocations would, however, always provide internal 
sensitivity centres, and a number of structural imperfections of the 
surface with equivalent properties have already been described (Mitchell 
1951 a, 1952b). The sensitivity centres, thus envisaged, are extended 
structures, for instance dislocations (lines) or arrays of dislocations 
(surfaces). These provide regions of localized imperfections at the surface 
of the silver bromide crystal itself and also surfaces, within the crystal, 
where there are relatively high concentrations of silver ions occupying 
sites of low negative electrostatic potential. The sensitivity centres 
are not localized particles of foreign sensitizing substance which, as the 
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experimental evidence clearly demonstrates, do not provide traps for 
electrons and can therefore not play a primary role in the concentration 
of silver atoms. 

Silver bromide is a surface ionic conductor at room temperature ; 
mobile silver ions will therefore be present on both external and internal 
surfaces. There is no corresponding evidence for a motion of bromide 
ions, and this suggests that the free negative charge, equivalent to that 
of the mobile silver ions, will be fixed as excess bromide ions occupying 
kink sites on external surfaces or jogs along edge dislocations of internal 
surfaces. 

A number of remarks will now be made on the trapping of holes and 
electrons in the first stage of the formation of the latent image. In 
chemically non-sensitized crystals, the positive holes will be trapped 
by bromide ions occupying kink sites on both the external surfaces and 
internal surfaces of the crystals. It is clear that the trapping of a 
positive hole to form a bromine atom on an internal surface can lead 
to no resultant photochemical effect because of ultimate recombination 
with an electron or with a separated silver atom. The trapping of 
positive holes by bromide ions occupying kink sites on the external 
surface, can, on the other hand, be followed by the escape of bromine 
as atoms or molecules from the surface, leaving a localized positive 
charge. The trapping of electrons by mobile silver ions or by silver 
ions occupying kink sites on the external surface will produce silver 
atoms which then provide effective traps for positive holes, as the 
experimental evidence clearly indicates. Thus the trapping of electrons 
by silver ions on the external surface will lead to their recombination 
with positive holes, while the trapping of positive holes by bromide 
ions of internal surfaces will be followed by their recombination with 
electrons. For a resultant photochemical effect bromine must escape 
from the surface of the crystal and this means that more positive holes 
than electrons must be trapped at the external surface with the result 
that the surface will acquire a positive charge. In the interior of the 
crystal more electrons must be trapped by silver ions on internal surfaces 
than positive holes by bromide ions occupying kink sites. Indeed, 
this excess number of electrons must be equivalent to the number of 
bromine atoms which escape from the surface. This means that there 
will be a positive charge at the surface of the crystal with an equivalent 
negative charge on the interior. 

These space charges will now be neutralized by the drift of holes and 
electrons and of silver ions in the resulting field. The motion of the 
electronic carriers can lead only to recombination; but silver ions 
drifting to an internal surface will neutralize the space charge and 
leave silver atoms in the boundary. The efficiency of the formation 
of the internal latent image will therefore be determined by the rate 
of absorption of photons compared with the rate at which the space 
charges created by the trapping of the holes and electrons can be 
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neutralized by the motion of the defects of the lattice of silver ions. 
There can only be a very low efficiency for the formation of latent image 
at surface sensitivity centres in chemically non-sensitized crystals which 
form an internal latent image. 

When there is no internal structural imperfection permitting the 
formation of an internal latent image, the escape of bromine from the 
surface of the crystal during exposure to light must lead to the formation 
of a surface latent image through the separation of silver atoms ; here, 
however, owing to recombination between positive holes and electrons, 
only a low quantum efficiency would be expected. This behaviour 
has been observed with well annealed crystals of very pure silver bromide. 

These observations on the formation and distribution of the latent 
image in chemically non-sensitized grains are in agreement with the 
experimental results. 

We have now to try to understand how chemical sensitization leads 
to a great increase in the overall efficiency with which a latent image 
is formed and to the formation of a surface latent image, even though, 
as already emphasized, the same numbers of both surface and internal 
traps for electrons are active as in the non-sensitized crystals. We 
believe that the solution of this problem is to be found in the following 
considerations. 

In non-sensitized crystals, the electron is trapped at a sensitivity 
centre by a mobile silver ion or by a silver ion on a kink site. This 
normally occurs in the interior of the crystal because there are many 
more traps there. The positive hole will recombine unless it is trapped 
by a bromide ion occupying a kink site at the surface and bromine then 
escapes. Since illumination will set up a negative space charge in the 
interior with a positive charge at the surface by the processes just discussed, 
the trapping of holes at the surface will be a rare occurrence. The 
rate at which the internal latent image can be formed will be determined 
by the rate at which silver ions drift from the surface to the interior of 
the crystals to neutralize the negative space charge there. 

' In chemically sensitized crystals, on the other hand, as well as a 
limited number of traps for electrons, there will be a high surface density 
of traps for positive holes. During the initial stages of the exposure, 
some electrons are trapped in the interior, and a space charge is then 
set up which prevents further trapping there until it is neutralized by 
the motion of silver ions. 
Pte ats can Ao as being trapped at the surface because 
ae Ae e er ita the surface and the interior but 
a ee aaah erat ee ie se | ; pete of silver at the surface 
further Pasteaita can be tr i cs py ere eet one aa 
Be eet oe ie oe pr at internal sensitivity centres, to form 
suntan ase si oon es hi must drift to the sensitivity centres 
FR Ear eS aa s eee z the distance is relatively large and the 
Ss ‘he surface, on the other hand, we are concerned. 
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with the motion of silver ions in much more localized and therefore more 
intense fields between sites where electrons were trapped and sites where 
holes were trapped. It is clear that the neutralization of the space 
charges by the drift of ions will proceed much more rapidly on the surface 
so that in illuminated chemically sensitized crystals silver atoms will 
be able to separate at a higher rate at surface sensitivity centres than 
in the interior. 

These arguments will no longer apply when a fraction of the silver 
atoms chemically equivalent to the amount of sensitizer on the surface 
has been concentrated at the sensitivity specks. The further trapping 
of electrons at the surface will then only result in their recombination 
with positive holes. The effective surface traps for positive holes will 
be provided by the concentration of silver atoms and the effective traps 
for the electrons by the silver ions of the internal surfaces. The 
resultant electrostatic field is now such that further exposure will result 
in the transference of the silver which initially formed the surface latent 
image at the sensitivity centres to the internal surfaces, where it will 
build up the internal latent image ; the quantum efficiency will however 
be low because of the recombination of many pairs of electrons and 
positive holes. This process appears to account satisfactorily for the 
observed disappearance of the surface latent image and the building up 
of the internal latent image with prolonged exposures, during the 
experiments. We believe that it leads to an explanation of the 
phenomenon of solarization and that the solarization of the surface 
latent image should be accompanied by an increase in the internal latent 
image. 

If the rate of absorption of quanta greatly exceeds the rate at which the 
space charges of the surface layer can be neutralized by the motion 
of silver ions, more electrons will be trapped by silver ions on internal 
surfaces. Holes will still be trapped by atoms or molecules of the 
sensitizing substance on the external surface. The overall quantum 
efficiency for the separation of silver will fall; a distributed surface 
latent image will be formed instead of a localized one, and the internal 
image will be increased. 

The completion of the two stages of the formation of the latent image 
so far considered will result in the transference of silver atoms from the 
neighbourhood of groups of atoms or molecules of the sensitizing substance 
to the sensitivity centres to form a localized latent sub-image of silver 
atoms. These silver atoms will now slowly condense to larger aggregates 
by diffusion processes. 

Although the experimental evidence demonstrates that, at room 
temperature, the silver ions associated with structural imperfections 
provide traps for electrons, which the groups of atoms or molecules of 
the sensitizing substance apparently do not, this must not be taken to 
imply that such groups, when associated with sensitivity centres (where, 
in the case of chemical sensitization in photographic emulsions, they 
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are indeed likely to be formed), have no role in the formation of the 
surface latent image other than that of trapping positive holes and 
directly or indirectly furnishing silver ions. It has been shown experi- 
mentally, in a very direct way, that there is a continuous change from 
a sensitizing layer to a fogging layer with increasing surface density 
of gold or silver atoms. With layers of which the thickness is less than 
that of a monatomic layer, this is almost certainly to be attributed to 
a steady increase in the size of the largest groups of atoms, because new 
nuclei are unlikely to be formed. Now we may reasonably assume that 
the sensitizing layers of silver and of gold consist of discrete groups of 
atoms just below the critical size required for a development centre. 
The diffusion of a silver ion to a kink site on the surface, where an electron 
had previously been trapped to form a silver atom, simply restores the 
kink site, leaving a silver atom in the neighbourhood. In the presence 
of mobile silver ions, a silver atom will also be mobile, and able to attach 
itself to one of the groups of sensitizing atoms or molecules. The initial 
grouping of silver atoms, which represents the first stage in the 
concentration of the silver at the sensitivity centre, has the properties 
usually associated with the surface latent sub-image. The attachment 
of these silver atoms to the groups of gold and silver atoms, which may 
occur for a considerable period after exposure, will transform the 
sensitizing centres into development centres with the formation of a 
stable surface latent image. As concentration centres, groups of atoms 
of silver and gold might be expected to be more effective than groups 
of molecules of metallic sulphides, but this is pure speculation. Groups 
of silver atoms may also be present on internal surfaces having been 
introduced in the case of the crystals used in the present werk, by pre- 
exposure to light with a wavelength at the long wave edge of the absorption 
band. These may have the same role of collecting photochemically 
produced silver atoms to form the internal latent image as have the 
surface specks in the formation of the surface latent image. Such 
groups may also be introduced in the microcrystals of emulsions by 
precipitation and physical ripening under definite physico-chemical 
conditions. 

The presence of nuclei provided by groups of atoms of silver or of gold, 
and possibly also of molecules of metallic sulphides, to which silver atoms 
can be added to transform them into development centres, will reduce 
the possibility of thermal dispersion which might occur if nuclei had to 
be formed from the beginning by the grouping of separated silver atoms 
in chemically-non-sensitized or inefficiently sensitized grains. Moreover, 
the presence of the sensitizing substance on the external surface will 
diminish the probability of recombination between the separated silver 
atoms of the surface latent image and positive holes or bromine atoms. 

The groups of atoms and molecules of the sensitizing substance thus 
appear to have two main functions : (1) to provide nuclei for the conden- 
sation of silver atoms formed when electrons are trapped by silver ions 
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associated with the sensitivity centres even though the particles of 
sensitizing substance do not directly trap electrons ; (2) to combine 
with positive holes and thus to prevent their recombination with electrons. 

These mechanisms for the formation of the surface and the internal 
latent images in both chemically non-sensitized and chemically sensitized 
grains appear to be in good agreement with the experimental results. 
They can be applied to account for the observed distribution of the latent 
image between the surface and the interior of the crystals after different 
exposures. High and low intensity reciprocity failure, solarization, the 
Clayden effect, and the Herschel, Debot and Weigert effects will be dis- 
cussed in another paper in which more experiments on the distribution 
and re-distribution of the latent image will be described. 

It will be clear from this account of the conclusions drawn from the 
experimental work that although the details of the concentration speck 
theory of Sheppard and of the theory of the formation of the surface 
latent image of Gurney and Mott are not established, the final result of 
the exposure of the grain as far as the formation of the surface latent 
image is concerned is the same as would have been deduced by them. 
Their sensitivity speck, assumed to be a particle of silver or of silver 
sulphide whose primary function was to trap electrons has been replaced 
by a new concept, that of a localized yet extended region of surface 
structural imperfection or a growth structure in the case of the grains 
of an emulsion. The silver ions of this extended sensitivity centre trap 
the electrons. Yet, in the case of the microcrystals of the emulsion, 
these imperfect regions of the surface will provide the most reactive sites 
for attack by chemical reagents or for the adsorption of large molecules. 
Consequently the largest groups of atoms or molecules of the sensitizing 
substance are most likely to be formed there. These, as has been pointed 
out, can add to themselves the photochemically produced silver atoms 
to form the latent image which consists of a group of silver atoms exceeding 
a certain critical size. Here we see aspects of both the earlier theories. 
The essentially new idea, established by the present work, which was not 
included in these theories is that, before a surface latent image can be 
formed with any useful efficiency, traps must be provided for positive 
holes as well as for electrons and this is an important function of the 
chemical sensitizer. It is not sufficient to assume that bromine atoms 
will combine with molecules of gelatine adsorbed at the surface (compare, 
Mott 1948). Recent experiments have demonstrated that sensitivity 
for the formation of a surface latent image on large single crystals of the 
type used for the present work first appears after a period of digestion 
of the crystal with an ‘inert’ gelatine and the most probable result of this 
digestion is the formation of groups of silver atoms on the surface of the 
crystal. The experimental results thus do not fully support any previous 
theories. Most of these theories, if they survived for any length of time, 
contained certain elements of validity, and it is now possible to discern 
more clearly the contributions made by the different investigators. The 
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essential soundness of all the previous lines of theoretical development 
is fully established by the fact that they led to the working hypothesis 
which formed the basis of the present investigation. Working hypothesis 
are meant to be tested experimentally and their formulation is not to 
be regarded as an end in itself. The working hypothesis which has been 
outlined in this paper must in the same way be tested experimentally 
from as many aspects as possible and amended where necessary until it 
is generally acceptable or rejected when it has outlived its usefulness. 
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Exposed. Unexposed. 


The surface of a strained and partly polygonized single crystal of silver bromide developed 
after prolonged exposure to the total radiation from a high pressure mercury vapour 
lamp. The photograph shows the boundary between the exposed region and the 
unexposed region. The photolytice silver did not initiate the development of the 
surface of the crystal. «1120 


Fig. 2 


Exposed. Unexposed. 
The same area as fig. 1 with the microscope focu 101 
the concentration of the particles of photolytic silver 
cellular sub-structure of the crystal referred to in the text. 


ssed 10 microns below the surface. Note 
upon the boundaries of the 
«1120 
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Fig. 3 


An area 10 microns below the surface of a single crystal of silver bromide photographed 
after a polyhedral sub-structure produced by low temperature annealing had been 


revealed by exposure to filtered radiation in the long wave tail of the absorption 
band of silver bromide. x 1120 
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An area of a crystal of silver bromide from the same specimen as that of fig. 3 exposed and 
then developed after the dissolution of the surface layer of silver bromide in a very 
dilute solution of potassium cyanide. This demonstrates the existence of an 
internal latent image. It is to be noted that the development centres are associated 
with the boundaries of the polyhedral sub-structure. x 1120 


Fig. 5 


Exposed Unexposed. 
The boundary between the exposed area and the unexposed area of a cry ate - ee 
bromide developed after exposure under a thin film of an aqueous 5% solution o 


semi-carbazide nitrate. A surface latent image was formed in the exposed tan 
5 v7 
under these conditions. 
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Silver film. No silver film. 


The boundary between an area upon which a thin film of silver with an average eon. 
atomic density of 101° atoms/cm? had been deposited and an area which was protectec 
from the atomic beam by a straight edge after development. This demonstrates 
that groups of silver atoms on the surface of a crystal of silver bromide can act as 


< 500 
development centres. 50 
Fig. 7 
oe | 
: i 
tiga R 
_G : 
: 
"* sa 


L 


— — — — — _ Edge of 


silver film 


Unexposed. Exposed. 


Kdge of straight edge. 


A thin film of silver in the form of a narrow strip was first deposited on the surface of the 
specimen and the original boundary of the strip is indicated by the horizontal 
dotted line. The specimen was now exposed to the total radiation from a mercury 
vapour lamp through a vertical slit, the position of one edge of which is indicated 
by the vertical dotted line. After development, it was observed that the silver 
strip had been partially bleached in the exposed area on the right while a positive 
surface latent image had formed in the shadow region on the left. The surprising 
observation was that this latent image spread steadily away from the edge of the 
strip as the exposure was prolonged. This seems to force the conclusion that silver 
ions, probably associated with structural imperfections on the surface provide more 
effective traps for electrons than particles of silver. x 112 
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Wholly unexposed area. 


An area near the edge of the positive surface latent image of fig. 7 photographed at a 
higher magnification. The clustering of the development centres about certain 


zones is to be noted. x 300 
Fig. 9 
7 
4 
4 
. 
Unexposed. Exposed. 


the centre of a thin film of silver deposited in the form of 
loped after prolonged exposure to the total radiation from 
hrough a slit at right angles to the strip. This demon- 
a was bleached completely away. It should 
be remarked that an internal iatent image was formed in the exposed region which 
could be developed after the partial dissolution of the surface of the erystal with a 
dilute solution of potassium cyanide. The thin films of silver used in the experi- 
ments illustrated in figs. 7, 8 and 9 had initially the minimum surface density of 
atoms (1015/em2) required for the fogging of the surface. x 750 


A photomicrograph taken near 
a narrow strip and deve 
a mercury vapour lamp t 
strates that the silver in the exposed are 
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Fig. 10 


. ® 


| 
Unexposed area. 


The surface of a single crystal of silver bromide developed without previous exposure to 
light after the deposition of a thin film of silver with a surface density of 10" silver 
atoms/cm? upon it. The density of fog was precisely the same as in a control area 
upon which no silver was deposited. This demonstrates that a thin film of silver 
can be present on the surface probably in the form of discrete groups of silver atoms 
without fogging the surface. This is an extremely important conclusion. x 1120 


ixposed area. 


Another area of the same sensitized single erystal of silver bromide as fig. 10 developed after 
a short exposure to the total radiation from a mercury vapour lamp. A negative 
surface latent image was formed. It is difficult to imagine that any process could 
have occurred other than the photochemical aggregation of the silver atoms to form 
particles of the same dimensions as those in the films with an average surface density 
of 1015 silver atoms/cm? which cause the surface to be developed without exposure 
to light. x 1120 
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under anode. Edge of slit and anode. 


A photomicrograph of the area of a silver sensitized surface under the anode in the experi- 
ment in which the surface was illuminated with pulses of light which fell on to a slit 
formed by two silver electrodes to which synchronized voltage pulses were applied. 
Development revealed that a surface latent image had been formed under the anode. 
This experiment provides definite evidence for the concept that the first stage in 
the formation of the surface latent image depends on a motion of electrons. x 450 


Fig. 13 


Unexposed area. 


A section of the surface of a single crystal of silver bromide upon which a thin fin of gold 
had been deposited developed without previous exposure to light. The distribution 
of discrete specks on the surface which was never observed in experiments on non- 
sensitized surfaces or on surfaces sensitized with thin films of silver is evidence of 
the presence of the sensitizing film of gold. < 1120 
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Exposed area. 


Another area of the same specimen as fig. 13 developed after a very short exposure to 
the total radiation from a mercury vapour lamp. 


A negative surface latent image 
was formed. 


x 1120 


Fig. 15 


Unexposed. Exposed 
A photomicrograph of the central area of a strip of a thin film of gold developed aftec it 
had been exposed through a slit positioned at right angles to the strip. The gold 


was bleached in the exposed area and an internal latent image was formed there. 
Che result of the same ( 


Th the experiment with a thin film of silver of comparable thickness 
is illustrated in fig. 9, x 1120 
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Wholly unexposed area. 


Clusters of development centres near the edge of the positive surface latent image which 
formed in the shadow region during the experiment illustrated in fig. 15. The 
grouping of these centres about what are probably structural imperfections of the 
surface is well illustrated. x 1120 


Fig. 17 


te 

4 c : @ 

eee sin 
Exposed area. 

The surface of a specimen sensitized with thallous sulphide developed after a very short 
exposure to the total radiation of a mercury vapour lamp. The surface latent 
image shows reversal after comparatively short exposures on such cere 

x 1120 


surfaces, 
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Unexposed. 


The surface of a single crystal of silver bromide sensitized with a thin film of antimony 
sulphide (Sb.8;) developed without previous exposure to light. x 1120 


Fig. 19 


Iixposed, 


Another part of the surface of the same specimen as fig. 18 developed after a very short 
exposure to the total radiation from a mercury vapour lamp. "x 1120 
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Fig. 20 


ov 


& ilies. : a 


Unexposed. 


The surface of a specimen sensitized with a thin film of orpiment (arsenious sulphide, 
As,5,) developed without previous exposure to light. Discrete specks appeared as 
with the gold sensitizing films illustrated in fig. 13. Sel) 


Fig. 21 


Exposed. r | Unexposed. 
Edge of slit. 


The boundary between the exposed region and the unexposed region of a surface sensitized 
with orpiment. Even the shortest exposures produced a strong negative surface 
latent image. x 1000 
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Iixposed area. 


A photomicrograph of the middle of the exposed area of the specimen of fig. 21. It was 

not possible to obtain a comparable density after the development of exposed 
surfaces sensitized with the other metallic sulphides of this series of experiments 
because of the early onset of the reversal of the surface latent image which was 
noted. 
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ABSTRACT 


By combining the von Mises and the Mangler transformations for 
laminar boundary layers, it is found that, in some cases, compressible 
boundary-layer flow round a rotating body of revolution can be correlated 
to an incompressible flow somewhat similar to plane boundary-layer flow. 
The boundary layer in conefield flow past a rotating circular cone is thereby 
considered in detail. 


§1. INTRODUCTION 


ALTHOUGH the theories of plane boundary layers and of axially symmetric 
boundary layers round non-rotating bodies of revolution are now well- 
developed, problems on rotating bodies of revolution such as spinning 
projectiles do not appear to have so far received much attention. This 
paper attempts to investigate the modifications to the aforesaid theories 
that are necessitated by introducing transverse flow due to the spin of 
the body of revolution. 

The paper starts, in §2, by assembling the equations of motion for the 
compressible boundary layer of a spinning body. Thereafter, it seems 
natural to introduce two transformations which have proved useful in 
previous work on non-rotating bodies and plane flow. The first of these is 
the Mangler transformation (Mangler 1948), which changes a given problem 
of compressible (or incompressible) flow round a non-rotating body into a 
corresponding problem in compressible (or incompressible) plane flow, and 
the second is the von Mises transformation, a transformation, which, 
among others, has been successful in changing certain cases of plane 
compressible flow into corresponding incompressible flow problems 
(Illingworth 1949). These two transformations are used simultaneously 
in §3 to correlate the compressible flow with uniform main stream round 
a spinning body to an incompressible * plane ’ flow. In §4, by solving the 
‘plane’ flow, information is obtained about the boundary layer on a 
spinning circular cone in a supersonic stream (with conefield flow). It is 
found that in ballistic applications the effect of the spin on the boundary 
layer is small, so that the primary (longitudinal) flow can be found just as 
if the body were not rotating, and afterwards the secondary (transverse) 


flow due to the spin can be determined. The actual procedure to be used 

ne cu) ESE et es SR Ae es ee 
* Communicated by Professor M. J. Lighthill. aie 
+ By thisis meant a velocity field and a temperature field described by artificial 

equations having the characteristics of the boundary-layer equations in incom- 


pressible plane flow. | 
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in such cases of relatively slow rotation is discussed in $5. Finally, in the 
Appendix, the relationship between the compressible axially-symmetric 
flow and incompressible ‘ plane’ flow for non-uniform main streams is 
investigated. Correlations are found to exist for certain main-stream 
velocity distributions. 


§ 2. EquaTIons oF FLow 


We choose non-rotating coordinates «, y, with x representing distance 
measured along a meridian curve from the nose of the body and y repre- 
senting distance along the normal ; r(x) is the radius of the body at the 
station a. With wu, v representing the z and y components of velocity, and 
w the transverse component due to spin, the equations of steady flow in 
the boundary layer are 


Frou) + = (rpv)=0, ee growin 
[ot oA] 2a 
and — p= p=) = ae (5) 


Here, p, p and 7 denote pressure, density and specific enthalpy ; o is the 
Prandtl number, and , is the viscosity. The suffix 1 refers to the main 
stream, where conditions depend only ona. Inthe main stream, Bernoulli’s 
equation 4--$u;"= Const =<. oe ee ee 
is satisfied. 

As in the theory of plane flow, it is possible to some extent to correlate 
compressible and incompressible flows, by reducing the equations in 
certain circumstances to forms in which the density does not appear 
explicitly. One way of doing this is to use the von Mises transformation, 
which expresses the flow in terms of the independent variables x, %, the 
latter being the stream function defined by 


ces ag Oy 
eau Ws roe Seren Yee tes 
These two relations replace (1). Since 0/@x becomes 0/0x—rpvd/dy% and 


d/dy becomes rpud/ dp, eqns. (2), (3) and (4) are transformed into 


Ou wdr ay, @ ou 
PN On + dat =pinn Tt +o: (now ss) fog (8) 
O(rw) oO O(rw) 
ay —W Oy Lepr Or > (9) 
0 pe 0 du\2 dw \? 
Pa. Pyles a aay Pap (nem 7) +r p2u | (5a) (ai) ] (10) 
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Just as for plane flow, in the special case o—1, we can find a simpler 
alternative to the energy eqn. (10). This is obtained by adding (8), and 
(9) multiplied by w, to (10), whence 


dh, a ah 
aoe ay mewn) A 4 3 4 rn Fi (10 a) 


where h=i-+-}(u?+w) is the total specific energy in the boundary layer. 
We now introduce non-dimensional dependent variables (indicated by 
bars) by means of 


U=Uj4, w=wrt, 114), pel hey Te wah (6BN) 
where w is the angular velocity of the rotating body. Then 
Pipl ee aes Wiese ce. tee. (12) 


because pt=p,i,, from (5) . 
We also adopt the law that the viscosity varies as the absolute temperature, 
which implies that 


LP=EiPis (13) 
yielding obvious simplifications in (8), (9) and (10). When the independent 
variable x is replaced by - 

= | LOO ler Teme Se > ss (LA) 
0 
our equations take their final forms 
PREG ya cae gS OS ier ellen aa 0 [_o0u : 
wy dn P45, — are hag (8 aR): = 
O70) tae alae ea 
—— = | t—-—-— area ess (LO 
dso Ek Op |’ i) 
Cia Le Ov oY AGTEN Ad o (Fr) | 
—=- —(%— = —-( — ee UL 
si (Pay) +8 L(y) tae) me 


where b6=w,2/2,;=(y—1)M,°, M, being the Mach number of the main 
stream. When o=1, (17) is replaced by 
oh af_oh 
It is now proposed to discuss in the following sections various aspects of 
these equations that are naturally suggested by the well-established theory 
of plane flow, and axially symmetric flow round a non-rotating body. 


§ 3. Tue AssoctaTeD INCOMPRESSIBLE * PLANE’ FLow 
CUS Os 


Consider the equations aX ay = ae aera Fett ce (18) 
pele. ae =, ae le eel) 


2D2 
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Although these equations do not appear to have a physical interpre- 
tation as they stand, we will nevertheless refer to them as equations of 
incompressible ‘ plane ’ flow, because when W=0, (18), (19) and (21) are 
the equations of continuity, momentum and energy for the steady 
two-dimensional boundary-layer flow of an incompressible fluid round a 
cylinder. X and Y are coordinates measured along and perpendicular to 
the surface of the cylinder, U and V are the corresponding velocity 
components, NV, is the (uniform) kinematic viscosity, and the enthalpy J 
takes the value Tee 


in the main stream, for which H, is the stagnation enthalpy.t 

We first transform eqns. (18) to (21) by changing to s, % coordinates. 
We replace (18) by 

oy Oy 
LP,U= ay: LP»V=— ay Mee Ae es 

where P,, is interpreted as the (uniform) density of the incompressible 
fluid, and L is a representative length. 

Then, with x 
s=DM,P, | aX; 2S eee 

0 


where M,, is the uniform viscosity of the incompressible fluid, and with the 
non-dimensional variables 


t=O = W/QR, toll, 2, = ees 
the eqns. (18) to (21) become 
Ads _ Ou 2. C1 as noe 
UT, dt ieee dae zPnta (a5). (25) 
O(R*m) 0a [ _0(R*%0) 
CEC Gr _[ fda\2  2?R? /av\2 
a 9 ap ai) **[(5)) +72 (Hy) |e - ~ @ 


where B=U,7/I,. 
Now (25), (26) and (27) are formally the same as (15), (16) and (17) 


except for one difference in the first terms of (15) and (25). The 7 in (15) 
is replaced by 1 in (25). 


eee EEE eee 


sexy Starting from the equations of compressible flow, with W—0, we obtain the 
incompressible flow equations mentioned provided that the Mach number M 
of the main stream is small, the fractional change in absolute temperature 
between wall and main stream is also small, but comparable with M,2, and NV 
is any kinematic viscosity representative of the flow, e.g. the value at the stag- 


nation point in the main strean i 
st 1. In short, the incompressib i 
valid under the conditions ; Coe te 


(Lo—L)/1,=O(M,*), = MP<1, 
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In the special case of a uniform main stream, u,—=const. and the first 
term in (15) is absent. Therefore if we choose 


UU, 4-4, (==const,), 


ot). ==t; ( =—const.), 
pas Monsey eh, He (28) 
and R(s) =r(s), 


it follows that B=b and the two sets of s,%-equations are identical. 
Furthermore, the boundary conditions are, at p=0, 


i=0, =1. i V9(8)/24 (compressible case) 
Losiils (incompressible case) 5 
and, at = oo, vay 
i=1, ®=0, i=!1 


which are the same in both cases if we choose 
LS) =1,5(8): ee ee, eee ree (3) } 


Of course, the wall enthalpy 7, need not be uniform. 

Hence, with the relations (28) and (30), the solution of the compressible 
flow may be found by obtaining @, @ and 7 from eqns. (18) to (21). This 
correlation is just the analogue of that for a flat plate in a uniform stream 
in plane flow. 

It is hardly necessary to mention that the conditions of low speed and 
small temperature variation required for the physical interpretation of 
eqns. (18) to (21) given above are not at all necessary for the correlation we 
have established. For the purposes of this correlation, and of later ones, 
(18) to (21) are to be regarded simply as formal equations, as indeed the 
presence of W suggests. 

There are other cases in which the two sets of s, s-equations can be made 
identical, but the discussion of these is postponed to the Appendix. 
Meanwhile, we shall examine the case of a uniform main stream in more 
detail. 


§4. THe Rotatina CrrcuLarR Cone IN SupERSONIC FLOW 


When we recall that the earliest boundary-layer solutions in plane flow 
concerned a flat plate in a uniform stream, we should expect flow with a 
uniform main stream to yield one of the more elementary solutions for 
rotating bodies. Moreover, we have just seen in § 3 that this is one of the 
cases in which the equations of incompressible ‘plane’ flow can be 
utilized to provide the solution also for compressible flow. Now in the 
important case of a circular cone in a high-speed stream sufficiently super- 
sonic for the shock to be attached to the tip of the cone, the main stream 
is uniform because conditions are uniform along each ray from the tip. 
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For a cone of semi-angle 0, 7(z)=« sin @. Now, 
dX dX/ds repr n x sin? 6 
da dads L*M,P,U, TAI 


when M,, Px, U, are chosen to have the uniform values #4, p1, 4% 


respectively. Hence X=12 sin? 6/L, MAL eas 
and R(X)=r(a)=(8L? sind X)¥®. «2 2 se (82) 
Accordingly, (18), (19) and (20) become, in this case, 
CU oy es 
cee he ae Se OP SE ae os 
aX OTe 2) 
oU ou aa 0U : 
= ao oy Na i 4, ESS: 
Uoxai OY = axiy ove Se 
ow OW . UWe oe . 
and Use tV apt ox —Nxaye- Se (35) 
Now, (33) is satisfied if 
Veo Tore V=—oOWVP/0X. 
With W=(U Ned) eee eA) RE See 
n=0 
where E= 2° R/U? and n= + ( UGiN ga) re 
U=t4U, 2 osu (0): PM res ee gE. 
and V=—(UNs/X)" 2 EUG+Yhl)—Aaa' Mh - - (38) 
n= 


where dashes denote d/dy. The boundary conditions on the /,, are 


Fnl0)=fy'(O)=0 5 | ey) 
Jo'()=2, Sn (2)=0 (nA). 
Let W= QR 2-%q) (y)) eee 
with the boundary conditions oe 
9(9)=1, In(O)=0 aren NE: (41) 
J,( 00) =0. 
Then, (34) is satisfied if 
fo thio" =0, 2 2 re 
fi Sofi’ —F of: +3Jo t1=—e9e'. eT eee i), 
Sa" +fofa’— hole +3 fo'fo=—shitv +3 hi — Soot “, (4a) 


etc., and (35) is satisfied if 
Jo" +foGo — sho Jo=0, eat A Lk YS, 
et 91" +So91'— 30 91=$h1'Go— ahi 90's eT ae Ae 
Now, eqn. (42) together with (39) shows that fo(7) is Blasius’s function, 
which has been tabulated by Howarth (1938). Each of the following 
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equations in the order (45), (43), (46), (44), etc. is linear, involving one 
dependent variable and coefficients that depend upon the solutions of the 
previous equations. The only trouble in the numerical solution of each of 
these equations arises from the two-point boundary conditions. Consider 
(45) for example. It is necessary to integrate this equation twice, first 
with go'(0)=0 and secondly with g,/(0)=1. The two solutions CALC 
are then combined to give 

Jo=|AYo)1 + (Go) 2I/[A+ LI, where A= —[Jo( ©) ]a/[Yo( 2)]1- 
Similarly, 

A=IMfitAdeA+U, where  A=—[f,'(00)]e/[f1'(yh, 
in which (f,),, (/1)2 are the solutions of (43) with f,”(0)=0, 1 respectively. 
Only the equations actually written down above have been solved, but 
they suffice to give a rough indication of the relative importance of suc- 
cessive terms in the series. The solutions are recorded in the table. 

The skin frictional force component along the generators of the cone is 


Ou Cade _ Ou 
T (2) = (« a) Pest aroun 0 (« 7) Ke 
y= y= 


In the corresponding flow in the X, Y-plane, the X-component of skin 


friction is bs 
oU 5 hE 
T y(X)=M, (57), _,=MaPaU L (a Tha’ 
x sin 6 oU 1 ee OMe 
= aes y) cod feats ee (rae rere (0) Me (57) 
SO T(x) Tt S, (57), i( es eae yah) 
where Cae hel Aor? 


This may be expressed by means of a drag coefficient fz in terms of the 
Reynolds number for a slant length / of the cone, viz. 


y 
fr=—D)(pi47" sin? 6), where D=2z sin 0 eos a | T,(v) © ax. 
0 
This gives 


2 
al L 


2/2 sin? 6 —_ w4l* sint 6 
‘n= cot 6(Re)- 1? | 2-4092+4-0-6900 —0-0531——7— +... |, 


where Re=p,u,l/, is the Reynolds number.+ 
Similarly, the transverse component of skin friction reducing the spin 


~ of the cone is 


dw 2 gin? A _ Ow 
T (x)= — Boy Fo 6 cds Maha a ” Oe - 


x sin 6 OW Sri se Shatoe : 
miran M x (57), epg) eo ay a Gui). (49) 


pas n= 


+ It is often convenient to use the velocity of the cone and the density and 
viscosity of the undisturbed air ahead of the cone as the representative quantities 


instead of w,, p, and py. 
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The non-dimensional coefficient of the spin reducing torque is given by 


if 
DESC, | +(x)? dee|(pu,col4 sin4 0) 
| 0 


==cosec / (ine) 1/2 | 15230-01149" Sm +... | Bye (0) 
1 

In the formulae (48) and (50) for the two skin friction coefficients, the 
leading terms will be far more important than the succeeding ones in some 
ballistic applications. For, at the muzzle of a gun, wl sin 6/u,=7u,,/nuy, 
where n is the rifling of the gun, u,, is the translational velocity of the 
conical projectile and w, is of course the velocity along the generators of 
the cone. Now values of n less than 15 hardly ever occur in practice, 
and one may take 2 as the maximum value of u,,/u,, so wl? sin? 6/u,2 
initially will not exceed 0-2. This means that the second terms in (48) 
and (50) are, at most, 6% and 1-5°/ corrections of the leading terms, 
respectively. When all but the leading terms are neglected, we notice 
that 7,/7,=—|[299'(0)/fo"(0)Jwa sin 0/u;=1-48 wx sin 6/u,, so the direction 
of the skin frictional force at any point on the cone is upstream of the 
relative velocity vector. 

The variation of wi sin6/uw, in later stages of the flight of the projectile 
will depend upon the steepness of the trajectory and the axial moment of 
inertia of the projectile. There will certainly be cases where wi sin 6/u, 
increases with time (because the translational velocity falls off more rapidly 
than the angular velocity), as for example when a heavy projectile is 
fired almost vertically upwards. 

It will be observed that there has been no need to consider the enthalpy 
distribution (and consequently no need to consider eqn. (21)) in determining 
the skin friction on the cone. If, however, any further information is 
required, such as the velocity distribution across the boundary-layer, it 
becomes necessary to stipulate the thermal condition of the cone and then 
to solve (21) for 7, in order to recover the y-coordinate from the equation 


byt fia 
oe pix sin Ob) 9% i 


For example, consider the problem when thermal equilibrium has been 
attained so that no heat is being transferred between the wall and the gas. 
This is a problem analogous to that of Pohlhausen’s flat plate thermometer 
(see Modern Developments in Fluid Dynamics, Vol. II, p. 627), and the 
enthalpy may be written 


Te aU Se OETO GOR), ns cues eta cared (OL) 
n=0 


where 6,,'(0)=0, @,,(00)=0 for all n. This satisfies the appropriate form 
of (21) provided that 


1 u" / wu F 
pine omit lo pee en Oe en (52) 
1 7 q / Pp we it ela © 
=~," + fobs’ — 3 0 6,=—3) 19% —4fo 1 — 89 Ell SOF, pak Shades O (53) 


etc. 
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Equation (52) is precisely the differential equation solved by Pohlhausen, 
but the remaining equations are new. We may reasonably approximate 
in the ballistic problem by retaining only the leading term in the series 


5, £"0,(y). We have already found that this approximation is valid for 
0 


n= 
the velocity distribution functions, and it is confirmed for the enthalpy by 
the special solution 

I+4(U?+ W?)=const.=1,+$U~=1p+3Q°R?, . . (54) 
of the energy eqn. (21) wheno=1. For, from (54), 

I,=1,1+3U 7(1—8) 

and if we retain only the leading term in this expression the error involved 
(in discarding €) is not greater than 20%. 

It follows that an approximate expression for the equilibrium 
temperature f, on the rotating cone in a stream of temperature ¢, is given 
by U2 : 
io=ts[ 1+ F000) [=n 8 —DAT Aaa), 68) 

1 


where «,(c) is tabulated on p. 630 of Modern Developments in Fluid 
Dynamics. 


§ 5. THE Case oF Stow Roration 


The results obtained in the last section suggest that in some ballistic 
problems involving sharp nosed projectiles (whether entirely conical or 
only conical near the tip) it is only necessary to obtain the first terms in 
the series for the longitudinal and transverse velocity distributions. This 
is tantamount to neglecting the effects of transverse flow on the longitudinal 
motion (including the energy equation). In other words, the ballistic 
problem (at least for sharp nosed projectiles) is essentially one of slow 
rotation, and for slow rotations the centrifugal force field has a negligible 
effect on the longitudinal motion. The boundary-layer flow is mainly 
that round a non-rotating body of revolution and is described by eqns. 
(1), (2) and (4) without the terms involving w. The rotation will of 
course be gradually reduced, and to find the transverse component 
of the skin frictional force (which is responsible for reducing the rotation) 
It 1s necessary to solve the remaining eqn. (3) for w after the other three 
equations have been solved. 

Now, eqns. (1), (2) and (4) without terms involving w are the equations 
of compressible plane boundary-layer flow except for the appearance of 
the factor r in each term of the continuity equation. For a non-uniform 


net stream, they are not easy to solve except under the special conditions, 
Nat 


(i) o=1, 

(ii) there is no heat transfer at the wall, 
and (iii) the viscosity is proportional to the absolute temperature. 
We shall adopt these conditions here. When we change to s, % as indepen- 
dent variables and introduce non-dimensional dependent variables using 
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conditions (i) and (iii) (as in § 2) we obtain as the equations for slow rotation 


ECU On 0° / Ou 
a ae =O) ay a 5) : (56) 
Oe 0 
a; (o-+-4u7)= ay) lex (i+ but) | es ee 57) 
O(r>) 0 [ _d(r?o) 
d ec 
an a5 =3\4 ay i; tt (ey (53) 
Now, under condition (ii), the required solution of (57) is 
Dyes = CONS hy s,s ees (59) 


which shows that at the wall the enthalpy has the uniform value i,=h,, 
when there is no heat transfer. From (59), we obtain #?—7—= (1+ 46)(@#— 1), 
and so (56) is the same as (25) without the term involving @ provided 
thatt U,(s) = U,(s) 
a,(s) Aye 
where a,, A, are the speeds of sound at a general point and at the stagnation 
point in the compressible main stream. Also, (58) is the same as (26) 
provided that — {OIRO A See cea (| 


(60) 


Now, the boundary conditions on 7% and @ are 

a=0, w=1 at y=0, s>0, and 

ti 0 Pate oo, s>0, andiat s—0 for all +, 
whether we are considering the eqns. (56) and (58), or (25) and (26). 
Hence, it follows that we can determine the functions @, # for compressible 
flow round a slowly rotating body by solving 


BU OV. 
AEG BAAS a RCS: 
NEO Ya ak oi Oe 
BU OUT dU... 58°U 
CE eta ne Se a (63 
oman oy ax 0 tore’ 2) 
(RW). a(RW) . o(RW) id, 
oye le ai er me e) 


from which (25) (without the term in @) and (26) are derived. 

In detail, oné would proceed to carry out the solution of the compressible 
rotating flow as follows. Given a compressible main stream expressed by 
b(a)=(y—1) M,2(x) round a body of given radius r(x), one assumes that 
the density, viscosity, etc., in the associated incompressible flow have the 
values P,, M, etc., corresponding to the stagnation point in the com- 
pressible flow. Then, since 

dX epi 
Th TEI OR 


2yl(y—1) 
and 7? = (3) Oe ~ from the adiabatic law, while 
kT OK + 


(=) ian, from (6), 


Ay 


+ See the discussion of a more general case in the Appendix. 
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it follows that, with the help of (60), 
* Al “[r()/rgPLL-+ $b (@)] WY PRO-DI dar,» (65) 
0 


where L is chosen to be 7), a representative radius of the body, say the 
maximum. Then, according to (60) and (61), 

W(X) SA, ey 1). oe 
and 1 OG ep Pere ir 
Having determined the quantities U(X), R(X) from (65), (66) and (67), 
one is in a position to solve (62), (63) and (64), and so obtain @ and #. 
The eqns. (62) and (63) describing plane incompressible boundary-layer 
flow are well known, and solutions of them are available for various forms 
of the function U,(X). The eqn. (64) is of the same form as the ordinary 
equation of forced convection, i.e. the energy equation in incompressible 
plane flow when the impressed temperature variations, though small 
compared with the absolute temperature, outweigh the effect of kinetic 
temperature variations. For with 1>(J,—J,)/1,>M,’, (21) (with 
W=0) reduces to 2 

77 ot) oD 
ox OF" sa eoye 
subject to J=J,(X) at the wall, and /=H,=const. in the main stream. 
Therefore, RW=I—H,, provided c=1 and I,(X)=H,+ QR. 
One of the chief points of interest in the solution of the flow is the value 
of the skin frictional force. Since 


Ou 
T(%)= U vas (« aI) ? 
MiP14%) Ob = 


and Ty(X)= MPU 77, (a 7) : 
Oxf y=0 
Tq(@)=[1+4b(x)]-r- MO— Mr (ar) P'x(X), « . (68) 
and similarly 
7 -(t)=[1+ $b(x)]~ OP MPO Mir(a)/ralTe(X), - . . (69) 
provided Q=w, 


ou 
where T(X)—Ms (SF). r T{X)=—Me (Fp) . 
= =0 


We may also relate the spin-reducing torque to the heat transfer in the 


problem of forced convection mentioned at the end of the last paragraph. 
For, if we introduce the Nusselt number | 


».g 
i (Q1/0Y)y_, dX 
0 


Nu(X)=— it ? 
oA, 


in the convection problem, we obtain 
x x 
ib R(QW/8Y) yao dX | R(X)T,(X) dX 
Ss 6 


Nu(X)= 
be) OR? ~~, ORYX) 
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Then, with the coefficient of the torque defined as 


xv 
2m | (xxx) da 
es, 
pyuywr 
it follows that 
2744 (X)[ 1+ 36(x) |r 
fy(«)= —+~——_+ Nn 
wo piepteyra) 4) 
and the problem of determining Nu(X) given the distribution of the 
difference between wall and stream enthalpy (here QR?) has been discussed 
by Lighthill (1950). 

The simplest application of these formulae arises in the case, already 
treated in §4, of the conefield flow past a circular cone in a supersonic 
stream. For then r=x sin @ where @ is the semi-angle of the cone, and 
b(x)=const., so U,=const. and (62) and (63) refer to the well-known flow 
past a flat plate. In this case, 

T x(X)=0-332(M,,P,.U ,3/X)¥?2, 

and X=Jo[r(x) [rq ]P(1 +4)“ Or DPM, 
sO 7,,(#)=3"7[0-332(1,p1u,9/x)¥/?], 
a result given by Mangler (1948). Similarly, since 

P(X )= — 390 (0)(MyPxU,/XPPQR, 
where g, (0) is given in the table, 

T ,(%)=34?[0-490(1,p,u,”)1/7w sin 8], 
which is the leading term in (49). 
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Ture AssocIATED INCOMPRESSIBLE ‘PLANE’ FLOW FOR NON-UNIFORM 
Marin STREAMS 
In §5, the compressible flow for slow rotation with an arbitrary main 
stream has been correlated to an incompressible ‘ plane’ flow. It is the 
object of this section to examine the possibility of effecting a similar 
correlation when the rotation is not slow. We again assume the condition 
o=1, used in §5, so that (10a) may be used as the energy equation, and we 
further particularize by adopting the special solution 
h=const.=h, 
of eqn. (10a). This means that 
i+4(w2+w*)=const,=1,+4uy? =i t pwr, . . « (70) 
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This equation implies that the wall temperature is non-uniform, having the 
particular distribution of temperature 


lp =(hi— swore, = a) ee 
and that there is heat transfer q per unit area from the wall to the gas 
given by r)) r ( =) (72) 
ai ( ae ata OY) y=0 
From (70) it follows that 
wr 
i+4b (w+ ae m) Slay, 
Uy 
; wre 
and so @—i=(1+4b)(@—1)+4b re (73) 
1 
With the help of (73), (15) becomes 
[a TRA _ Ou OF des ‘=a (057) ee 
ees, ae (wu —l)+aa Wore. qr Sap ae sah TS) 
This equation is identical with (25) provided that 
1 d 1 dU 
(Tag hy ee 1 Lt Na ey 


eds a, Giada 
w? d(iyr?) 2 d(R?) 


— —= —— 76 
nd U7, ds U,? ds ie 
Moreover, (16) and (26) are identical provided that 

lr seit 
—— => = ees SHS a te Sarl) a 
rds Rds. | on) 


Since the boundary conditions for the velocities are independent of 
compressibility (see (29)), under the conditions (75), (76) and (77) the 
non-dimensional functions % and @ may be found from the incompressible 
flow eqns. (18), (19) and (20) instead of the more complicated equations 
of § 2. 

However, these conditions place a limitation on the main stream. For 
the integrals of (75) ‘and (77) are 
U 2 


= =k 0), > 2a re 
a 


and r=k Rh. ee er EY) 
where k, and k, are constants of integration. The integral of (76) is 


I= (k, Q4kPo%Wi, 
seam ie meer ys ees eee VEL 


where k; is another constant of integration. Now, (80) shows that the 
Mach number of the compressible flow must be given by 


2 ke, Q V2 
M,= | —4h,(kr24 2) = (ur? + B)¥2 
= Gerth (i ges) a] reas, sap. 


Since there are two arbitrary const 


ants, this formula can be made to agree 
with the observed M 


ach number distribution for a given body of radius r(a) 
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at two points. For a projectile, the formula shows the right behaviour in 
making M, become constant as r becomes constant (on the cylindrical part 
of the projectile).* One might expect that for some sharp-nosed projectiles, 
the formula would represent the main-stream flow round the projectile 
reasonably well, with B=M/,?(0), the square of the Mach number at the 
surface of the tip, and with « chosen to give the appropriate Mach number 
on the cylindrical part of the projectile. 
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ABSTRACT 


The problem of determining the variation with gamma-ray energy 
of the total nuclear absorption cross section is discussed with a view 
to testing the applicability of specific nuclear models such as that of 
Goldhaber and Teller for the form of the cross section and the validity 
of the general account of the integrated cross section given by Levinger 
and Bethe. While for light elements many competing processes must 
be considered, in the very heavy elements only (y, 2n) is a possible 
competitor for (y,n) at not too high energies. The seriousness of this 
competition is estimated by a measurement of the ratio of the cross 
sections of 18!Ta(y, 2n)1*°Ta at 17-6 Mev to 181Ta(y, n)®°Ta at 14-6 Mev ; 
the result is 0-29-+-0-11. This competition is not enough to destroy 
the apparent ‘resonance’ character of the absorption. It is pointed 
out that the large value of o, , at 17-6 Mev is inconsistent with the idea 
that a conventional compound nucleus is always formed and so the idea 
of purely statistical competition for the gamma-ray energy should be_ 
modified in comparing neutron yields with the predictions of the dipole 
sum rule. The present measurements are correlated with the neutron 
yield curve of Halpern, Nathans and Mann. 


$1. INTRODUCTION 


Tue phenomena associated with the interaction of gamma-rays of high 
energy and nuclei show a remarkable independence of the particular 
nucleus studied ; throughout the periodic table certain features of the 
interaction remain almost unchanged while others show only a regular 
and monotonic dependence on atomic number. It is impossible to avoid 
the feeling that we are dealing with some rather general property of 
nuclear matter which is only slightly modified by the details of the 
particular nucleus that it happens to be constituting. What this general 
property is has yet to be elucidated. It is the purpose of this paper 
to present an observation that, while it is isolated and not of great 
eS ESE EE ee ee 
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accuracy, seems to us to justify to some degree the basis of certain recent 
attempts to systematize nuclear photodisintegration and so to confirm 
the overall impression of an essentially simple phenomenon which, though 
well-understood in certain of its aspects, displays features whose 
explanation may be of some fundamental interest for a description of 
nuclear forces. 

It may be convenient to summarize the present state of observation 
and theory in that part of the field that concerns the present measurements 
so as to show their relevance. Many workers, principally in the U.S.A. 
and at the University of Saskatchewan (references A), have measured 
the dependence on gamma-ray energy E of the cross section oy, n for the 
(y, 0) process using the bremsstrahlung from betatrons or synchrotrons 
and usually identifying the reaction by a characteristic radioactive 
end-product. These cross section curves are all of ‘resonance ’* form, 
rising to a maximum at a gamma-ray energy E,, above which they decline 
- rather sharply to a small value. Z£,, is about 20 mev for light elements 
and it declines steadily to about 14 mev for the heaviest elements. The 
width of the ‘ resonance ’ is even less dependent on atomic number than 
is H,, and, with few exceptions. lies between 5 and 6 Mev (at half 
maximum) throughout the periodic table. The (y,n) cross sections 
themselves, above about Z=20 at any rate, increase smoothly towards 
the heavy elements and are more-or-less proportional to Z. Now these 
“resonances ’’ may be explained in two ways: they may be genuine 
sharp maxima in the total cross section for photon absorption, and 
this was the view taken by Goldhaber and Teller (1948) and elaborated 
by Steinwedel and Jensen (1950) who saw in them evidence of a 
particularly simple form of nuclear excitation in which all neutrons 
move against all protons in the dipole vibration of lowest order; the 
dependence of #,,, on Z is correctly explained by this hypothesis as is 
also the dependence of o on Z; alternatively the rapid decline in o, , 
above its maximum may be due to the onset of competing processes 
such as (y, 2n) or (y, p), the total cross section showing little ‘ resonance ’ 
or none at all. (y, p) processes are of great importance for light elements, 
where the proton binding energy is usually a few Mev less than the neutron 
binding energy, as pointed out by Heidmann and Bethe (1951) ; for heavy 
elements (A>70), however, with which we shall chiefly be concerned 
proton emission is almost completely suppressed by the Coulomb barrier 
and (y, 2n) is the only effective competitor. On the second view of the 
‘resonances’ E,, should be correlated, in heavy elements, with the 
(y, 2n) threshold ; by and large it is (Eyges 1952). It is essential that 
are Seaiee WS ee ee 


* Throughout this paper we shall write resonance as ‘resonance’ because 
we do not consider that the time is yet ripe to decide whether a resonance 
in the commonly-accepted sense of a well-defined long-lived state of a compound 
nucleus is involved or not; it is possible that some aspect of nuclear forces 
may produce such an effect without the intervention of an excitation which 
involves the whole nucleus in the first instance. 
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some measure of the competing processes be available to decide whether 
the ‘ resonances ’ are indeed an indication of a general property of nuclear 
matter in bulk, perhaps such as Goldhaber and Teller propose, or are 
merely a reflection of the nuclear energy surface. If light nuclei are 
used for this purpose the investigation becomes complicated as effective 
competing processes include the emission of charged particles as well 
as of neutrons and a combination of techniques is demanded. No 
experiments on light elements exist which investigate the energy 
dependence of all possible competing reactions and are therefore of 
use in settling the present issue.* Among the heavy elements only 
(y, 2n) can be an effective competitor to (y, n) at not-too-high energies 
since the Coulomb barrier for protons at mass number 180 is about 
13 Mev and so in principle the problem is wholly soluble by measuring 
Oy, on aS a function of LE; in practice, however, this is impossible as the 
appropriate end-product, if radioactive, has either unknown or very 
unsuitable properties. We have sought to make a contribution to the 
resolution of this problem by measuring o, », for +*'Ta at H=17-6 Mev. 
Oy, on Should be near its maximum value at this gamma-ray energy and 
so our observation indicates the degree to which the ‘resonance’ is 
blunted by competition (H,,—14:0 Mev and the width of o, , at half- 
maximum is 4-5 Mev). If o,., at 17-6 Mev is comparable with o,, at 
E,, the ‘resonance’ is abolished and no explanation based on the 
characteristics of nuclear forces or the behaviour of nuclear matter in 
bulk is to be sought; if, however, o,., is small the problem of the 
‘resonances ’ remains. 

That o, 9, is large is made improbable by the considerations of Levinger 
and Bethe (1950, 1952), with which the present work is also concerned. 
These authors point out that a fundamental upper limit exists for that 


part of 
| o .dH 


0 


* The experiments of Strauch (1951) on ®4Zn show the presence of competition 
from several processes but the shapes of the excitation functions are not 
determined in detail, there being merely an indication that the more complicated 
processes are due to gamma-rays of higher energy than those producing (y, n) 
as is to be expected. 

Sagane (1952) has compared the excitation functions for the processes 
(y, 0), (y,2n), (y, pn) and (y, 2np) on ®4Zn up to 40 Mev. The results agree 
well with the more indirect measurements of Strauch, (y,n) being by far 
the most important process. For the present purpose both these experiments 
suffer the disadvantage that the most potent competitor to (y,n) in the 
region of the ‘resonance’, namely (y, p) is not investigated ; one must expect 
(Heidmann and Bethe 1951, Mann and Halpern 1951) that (y, p) and (y, 0) 
processes are of roughly equal importance in this region so the omission is a 
serious one. 

Although all competing processes are not measured, Katz and Cameron 
(1951) have given plausible reasons for supposing that the total absorption 
cross section for aluminium preserves a well-defined peak. 
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that is due to electric dipole transitions—the greater part. They extend 
the familiar dipole sum rule of atomic spectroscopy to nuclear absorption 
and obtain 


NZ 

o .dH=0-060 a (1+ 0-8x) Mev—barns 
0 

where x is the fraction of exchange force in the nucleon-nucleon 

interaction. As 


J ona 


over the ‘resonance’ already accounts for almost the whole of the 
theoretical 
| o.ap 


0 
it is clear that no great contribution from o, ,, can be tolerated if the 
Levinger—Bethe formula is correct. Now the neutron yield under high 
energy bremsstrahlung (~300 mev) (Kerst and Price 1950, Terwilliger, 
Jones and Jarmie 1951) increases rather more rapidly than NZ/A: 
Levinger and Bethe (1952) seek to explain this as due to the reactions 
(y, an) which set in more readily in the heavy elements owing to the 
smaller binding energies there encountered. By this means neutron 
yields which, on the basis of one neutron per gamma-ray absorbed, would 
have indicated values of 

i-.2) 

| o-dE 


0 


considerably in excess of the theoretical limit were shown to be 
compatible with this limit if still too large by perhaps 60-70%. Although 
a discrepancy of this magnitude may perhaps be covered by experimental 
inaccuracies in the rather difficult measurements involved and by the 
uncertainty of the calculation, it may yet be increased if the basic 
assumption made by Levinger and Bethe is incorrect, namely that the 
gamma-ray energy is spread throughout a conventional compound nucleus 
of high excitation, and that neutrons simply boil off in accordance with 
statistical theory. In this connection it must be noted that this is not 
always so as is shown by the emission of nucleons of order 100 Mev 
(e.g. Levinthal and Silverman 1951, Walker 1951, Keck 1952) and the 
anomalous yields of protons from heavy elements (Hirzel and Wéffler 
1947, Waffler and Hirzel 1948—but see Paskin 1952), their angular 
distribution (e.g. Curtis, Hornbostel, Lee and Salant 1950, Diven and 
Almy 1950), and the interpretation by Courant (1951) as a direct photo- 
electric ejection of a single nucleon.* The relative yields of protons and 
neutrons from light elements accord quantitatively with the idea that a 
compound nucleus is formed (Heidmann and Bethe 1951—though 
ee ee 2 ee ee ee 

* See also Jensen (1948) and Marquez (1951) for qualitative remarks of a 
similar nature. 
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Katz and Cameron (1951) would differ with them on this conclusion), 
though similar phenomena would be expected to some degree if a single 
nucleon were directly ejected. A clear test of whether a compound 
nucleus is formed or not is afforded by the energy spectrum of neutrons 
or protons under monochromatic gamma-ray bombardment ; so far the 
only investigation reported (Wilkinson and Carver 1951) concerns the 
reaction *°A(y, p)?8Cl at 17-6 Mev and shows that the bulk of the effect 
is to be associated with compound nucleus formation, though it does 
not exclude a fair amount of direct interaction. KEnergy spectra under 
bremsstrahlung bombardment are relatively uncritical of the mechanism 
of the photodisintegration process and though measurements on both 
neutrons and protons (e.g. Diven and Almy 1950, Byerly and Stephens 
1951) agree with the formation of a compound nucleus a direct photo- 
process cannot be excluded by them. It must also be noted that although 
the tail of o,,, above the ‘resonances’ is small it is large enough to 
imply here a value of o, >, very much greater than the maximum value 
of o,, if a conventional compound nucleus is formed ;* this is wholly 
inadmissible and shows that, if the o, , measurements are correct, the 
bulk of o,, at an energy of more than 17 Mev or so in heavy elements 
is probably due to processes other than compound nucleus formation. 
Although photo-processes involving the emission of as many as 10 neutrons 
from heavy elements have been observed (Sugarman and Peters 1951) 
the seriousness of the competition so afforded has not been estimated 
with any certainty. It is evident that the assumption that a compound 
nucleus is always or even usually formed has little experimental 
justification, particularly at high energy. If compound nucleus 
formation were indeed small the multiplicities used by Levinger and 
Bethe (1952) would be too high and the neutron yields would disagree 
even more than at present with the predictions of the dipole sum rule.t 
It is therefore important to determine whether, above the ‘ resonance ’, 
Jy, on 18 or is not negligible as compared with o, ,; this we have done in 
the present work. Ifo, ., is small compared with o, , then compound 
nucleus formation must also be improbable as compared with direct 
interaction ; if o,», is comparable with or bigger than oy» then a 
significant amount of compound nucleus formation, either immediate 
or subsequent to a direct interaction, is established and the basis of 
Levinger and Bethe’s argument is made somewhat firmer. 

Eyges (1952) has used measured curves of Oy, n, neutron yields from 
bremsstrahlung of 18 and 22 Mev (Price and Kerst 1950) and from the 


a a ae eee ashy VELEN 
* For example o,,, for 18!Ta at 17-6 Mev is 0-23 in terms of its value at En 
(Haslam, Smith and Taylor 1951); but at 17-6 Mev the neutron multiplicity 
with compound nucleus formation is 1:95 which implies that Oy, 2n at 17-6 Mev 
should be about four times the maximum value of Cy, n- 
} The production of neutrons in meson-induced stars is not included in the 
dipole sum but is estimated by Levinger and Bethe (1952) to be a small 


correction only. Justification of their estimate comes from the work of 
Jones and Terwilliger (1952). 
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gamma-rays of the reaction 7Li(p, y)®Be (McDaniel, Walker and Stearns | 
1950) to obtain information about Oy,2 Such analysis is difficult 
and inevitably involves some guesswork, but provides a good indirect 
indication for a finite value of Oy, on above LH... 

Since this work was completed Halpern, Nathans and Mann (1952) 
have published a total neutron yield curve for tantalum as a function 
of gamma-ray energy. Their work, though not of great accuracy, 
clearly reveals a considerably greater yield of neutrons above 16 Mev 
than may be accounted for by the (y, n) process alone. 


Fig. 1 
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We may now conveniently summarize our own result in its relation 
to the (y, n) cross section in fig. 1 which shows o,, , for *rTa as measured 
by Haslam, Smith and Taylor (1951)* and o, 5, as predicted by Eyges 

f 
; » absolute ordinate 

ane kers measure only the form of oy; the a 
Bais acy 8 of no concern for the present experiment) has been provided | 
by Halpern, Nathans and Mann (1952) ; Eyges (1952) deduced absolute ° 


values 1-5 times as great. 
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(1952). We have measured the ratio of oy at 17-6 Mev to o,, at 
14-6 Mev with the result indicated by the point on the figure. A con- 
siderable (y, 2n) cross section is established though perhaps not quite 
as large as predicted by Eyges. We shall return to this result and 
its relation to the work of Halpern, Nathans and Mann, with which it is 
in good agreement, after a discussion of the experiment. 


§2. PRINCIPLES OF THE EXPERIMENT 


We have already remarked that a direct determination of , 5, by the 
method of induced activities is not generally available in the heavy 
elements and the (y, 2n) process must therefore be detected through 
its neutron yield. A heavy element must be used in order that (y, 2m) 
be the only effective competitor to (y,m); 9, (or at least its form) 
must be well known and should preferably fall rapidly above H,,; the 
element used should preferably possess only one isotope. The only 
element satisfying these conditions is tantalum. 

In principle the same technique may be used as for o, ,, a measurement 
of total neutron output replacing one of induced activity ; knowledge 
of o, , would then enable one to deduce c, 5,. This experiment is very 
difficult but, as remarked above, has been performed by Halpern, Nathans 
and Mann (1952). We have adopted the more modest objective of a 
measurement of o, 5, at a single energy of gamma ray. 

oy,» in tantalum reaches its maximum value at H,,—14-0 Mev; the 
threshold for the (y, 2n) reaction is 14:1 Mev according to Eyges (1952) 
and 14-0 Mev according to Levinger and Bethe (1952). Eyges suggests 
that o,., reaches its maximum value at about 17 Mey. If, then, we 
had available monochromatic gamma-rays of about 14 and 17 Mev 
we might, by comparing their neutron yields per quantum, and knowing 
the form of o, , as a function of energy, obtain a value for o, 9, near 
its maximum relative to o,,. Such gamma-rays are not available, 
but we may approximate to the ideal situation in the following way : 

When ‘Li is bombarded by protons radiative capture may take place 
to the ground state of 8Be and to the state of width about 2 Mev centred 
at 3:0 Mev, the respective Q-values being 17-2 and 14-2 Mev (Hornyak, 
Lauritsen, Morrison and Fowler 1950). With protons of low energy 
these transitions have energies close to the ideal energies of the preceding 
paragraph ; unfortunately it is not possible to obtain either gamma-ray 
free of the other and a mixture is given at all proton energies so far 
investigated.* At the well-known resonance at a proton energy of 
440 kev the ground state transition is the stronger by a factor two, at a 
proton energy of 1:15 Mev (thin target) the lower energy line is the 


stronger by about the same factor (Stearns and McDaniel 1951). Thus 
ee Se eee 

* Transitions doubtless occur to other states of 8Be though not very readily : 
Nabholtz, Stoll and Wiffler (1951) have reported weak radiation of 12-5 Mev 


accompanying the strong lines ; it is not of sufficient intensity to be of interest 
to the present investigation. 
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though we may not employ monochromatic radiation we may vary the 
relative abundance of the two lines quite considerably and so sort out 
their individual effects to some degree. 

Stearns and McDaniel have used a pair spectrometer to determine 
the relative abundances; in the range of angles of emission of the 
gamma-rays relative to the proton beam covered in their investigations 
the biggest change in abundance ratio is obtained at 75°. At a proton 
energy of 500 kev (thick target) they find an intensity ratio of 1-70--0-20 
in favour of the high energy radiation; at 1-15 Mev (target thickness 
250 kev) this ratio is 0-45-++0-06. We have irradiated tantalum under 
these conditions and determined the total neutron yield per incident 
quantum. The details of the results will be discussed later. 


§3. EXPERIMENTAL METHODS 


The experimental problem is two-fold: the relative numbers of high 
energy quanta must be determined at the two proton energies and also 
the relative photo-neutron yields ; in the latter case an energy-insensitive 
detector must be used, in the former it is to be desired. 

Jt might at first sight appear that an ordinary Geiger counter of known 
relative efficiency for the two gamma-ray energies of interest is an 
adequate solution to the first problem. This is not so because at a proton 
energy of about 550 kev excitation of the first (478 kev) excited state 
of 7Li becomes possible by inelastic scattering and at 1-15 Mev there 
is a large cross section for this process. We have adopted the simplest 
solution and used an Nal(Tl) crystal biased at about 7-5 Mev to exclude 
this low energy radiation and any other that might arise in the radiative 
capture itself or in a second-order reaction such as that which we shall 
discuss shortly. The relative efficiency of the crystal for the two gamma- 
ray mixtures was evaluated by comparing the shapes of the complete 
pulse distributions obtained at the two proton energies and by calculating 
the intrinsic efficiencies of detection of the two gamma-ray mixtures 
in the crystal ; these two effects together provided a correction of 5-2% 
to the raw yield of neutrons per quantum. The overall sensitivity of 
the crystal, multiplier and amplifier over the several weeks of the 
experiment was checked from day to day with a gamma-ray source 
(2870s), 

The second problem is a more difficult one. The neutron detector 
must be both energy-insensitive and very efficient as the yield is very 
low. We have used the Szilard—Chalmers reaction in the manganese 
of a solution of sodium permanganate. The tank containing the solution 
had a cross-section of 11-5 12-5cm and a length of 16-0cm. At one 
end metallic tantalum* of the same cross section as the tank and of 
thickness 20 g/cm? was placed, and the whole assembly was pointed 
towards the target of evaporated lithium metal which was 12 cm from the 
eee PN 

* The purity of the tantalum was greater than 99-6%. 
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face of the solution.* Such a device is quite energy-insensitive (see, 
for example, the ‘long counter ’ of Hanson and McKibben 1947), and, 
to within the accuracy of our experiment, it is safe to assume that the 
various photo-neutron spectra, which in any case differ but little, are 
detected with equal efficiency. Several strengths of permanganate 
solution have been used ; the bulk of the work was done with a solution 
containing 54g of sodium permanganate per litre. The solution was 
filtered with the addition of 1-0g of MnO, the precipitate (on a filter 
paper of diameter 5-5 cm) was wrapped around a thin-walled aluminium 
Geiger counter and the activity measured. The counting rate was 
always high enough} for the principal uncertainty in the interpretation 
of the experiment to reside elsewhere. The reproducibility of the 
procedure using a standard neutron source was about +-5% on a single 
extraction. 

Throughout the irradiations of one hour each the gamma-ray output 
was monitored continuously by the NalI(TI) crystal placed symmetrically 
with respect to the Szilard—Chalmers tank at 75° to the proton beam 
on the other side of the target tube. Fluctuations in the gamma-ray 
output were allowed for assuming the half-life of °*Mn to be 2-59 hr. 


§4. EXPERIMENTAL RESULTS 


Severe difficulties were encountered in the shape of a large background 
activity obtained in irradiations without the tantalum. This was 
estimated by performing irradiations in which the tantalum was replaced 
by a thin shell of cadmium of identical overall dimensions whose thickness 
was such that the absorption for slow neutrons was the same as that of 
the tantalum. At the lower proton energy the background estimated 
in this way was roughly half the total effect with the tantalum in place ; 
at the higher proton energy it was sometimes as high as nine-tenths. 
This background is very grave and its origins must be carefully 
considered. 

The background has two sources : the gamma-rays themselves produce 
photoneutrons from the detecting solution and the room, the latter 
effect giving a general neutron atmosphere; alpha-particles from the 
reaction “Li(pa)*He act on the target to give neutrons principally 
through the reaction 7Li(an)!°B. In the conditions of our experiment: 
the latter source of background appears to be the more important. 
That the production of photoneutrons in the sodium permanganate is 
of little importance was establishel by calculation and by performing 
irradiations with different strengths of solution when no inconsistencies 
appeared such as would have arisen had such photo-neutron production 


* The rather large angle (+34°) subtended by the tantalum at the gamma- 
ray source is not of great importance as the radiations are isotropic at the 
lower proton energy and do not vary by more than 12% from 75° to 35° at 
1-15 Mev. Allowance was made for this small variation. 

} At the beginning of the counting periods about 40 counts/min due to the 
tantalum at the lower proton energy and 35 counts/min at the high. 


Reaction 1*1Ta(y, 2n)1"°Ta at 17-6 Mev 413 


been a sensible fraction of that in the tantalum ; calculation also showed 
that the water of the solution and the glass of the tank are negligible 
in this respect (using the results of McDaniel, Walker and Stearns 1950). 
That photo-neutrons in general are less important than neutron generation 
by the («,n) mechanism is shown by the great change in background 
ratio between the two proton energies. Had photo-neutrons been the 
principal source of background the background ratio would have changed. 
little between the two proton energies—if anything in the opposite 
sense to that observed since the room is made principally of light 
elements which are ‘resonant’ nearer 17-6 Mev than 15-2 Mev, whereas 
with the tantalum the reverse is true. On the other hand, the ratio of 
alpha-particle to gamma-ray yield increases by a large factor from 
the low to high proton energies as did the background. Furthermore, 
the background ratio at the higher proton energy decreased with the 
thickness of the target in the way expected, the gamma-ray yield being 
proportional to the target thickness, the neutron yield to its square. 
As thin a target as was consistent with the production of an adequate 
supply of gamma-rays was used. 

Two questions must now be answered : what fraction of the background 
neutrons comes directly from the target and of this fraction how much 
is scattered away by the insertion of the tantalum? The first question 
was answered by performing an inverse-square law experiment moving 
the detecting tank relative to the target. This gave the result. 
(assuming the effective face of the detecting solution to be 3 cm behind 
its geometrical face) that, in the working position, 0-55 of the background 
came directly from the target, the rest constituting an atmosphere of 
partially-moderated neutrons constant in density in the immediate 
vicinity of the target. The second question is a more difficult one to 
answer satisfactorily. It divides into two parts: what is the primary 
background neutron spectrum from the target and how much of the 
neutron scattering by the tantalum is potential scattering ? The first 
part of the question determines the total interaction between the 
background neutrons and the tantalum,* and the second the angular 
distribution, assuming that potential scattering follows the usual Bessel 
function formula (Bethe and Placzek 1937) and compound-nucleus 
scattering is isotropic.t The neutron spectrum has been guessed at 
knowing the various Q-values involved and the various excited states 
of 1°B, it being assumed that the available states are fed proportionally 
to the neutron energy ; the total cross section of tantalum does not vary 
rapidly with neutron energy and the results are not very sensitive to the 
neutron spectrum. The proportion of potential and compound-nucleus 
scattering has been taken from the continuum theory (Blatt and Weisskopf 
eee ern a) Gur fn Fr ee 


* The total cross section of tantalum for scattering fast neutrons is known 
in the energy region of interest here (see, for example, Miller, Adair, Bockelman 


and Darden (1952)). : 
+ The energy distribution of the compound-nucleus-scattered neutrons is 


not important as the detector is energy-insensitive. 
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1952). The result of these computations is that that part of es back- 
ground proceeding directly from the target 1s diminished by 9% by the 
insertion of the tantalum; this is then coupled with the observation 
that 0-55 of the whole background came directly from the target to give 
the result than we should add to the apparent neutron yield with the 
tantalum in place 0-050 times the background measured with the cadmium 
shell. A direct measure of the correction was also obtained: the 
bombardment of the thin metallic lithium target caused it to become 
thinner and hence to give an improving background ratio on successive 
irradiations and it was therefore possible empirically to determine the 
fraction of the background that had to be added to the apparent neutron 
yield of the tantalum in order to obtain consistent results ; the fraction 
so determined was 0-06-L0-02 in good accord with the calculated 0-050. 

Some dozens of irradiations were performed, particularly at the higher 
proton energy where the background is more serious. The simple 
results were corrected for background as described above using the 
experimentally-determined probable error on the correction factor in 
order to estimate the extra error introduced in making this correction ; 
the gamma-ray fluxes were corrected for the different response of the 
crystal to the various mixtures of gamma-rays as described earlier and 
our final answer is that the neutron production per quantum incident 
on the tantalum at the lower proton energy divided by that at the 
higher is 0:92-0:08. 

Before analysing this result we must remark that the gamma-ray 
spectrum effective in producing photo-neutrons is not quite that incident 
upon the tantalum and specified above, but is modified by the energy- 
dependent absorption in the tantalum. Although the absorption is 
considerable it is almost the same for the two gamma-ray energies ; 
the effective abundance of the lower energy gamma-ray relative to the 
higher is increased by 3:6%.* Furthermore the difference in absorption _ 
for the two gamma-rays implies that the initial spatial distribution 
within the tantalum is different for the photo-neutrons which they 
produce ; this implies a different detection efficiency on account of the 
difference in the solid angle subtended by the detector and in the 
scattering on the way to the detector ; this correction is negligible. 

Finally we must enquire if the angular distribution of the photo- 
neutrons may be sufficiently strong to falsify the results. It is very 
improbable that this effect is serious as the bulk of the neutrons in the 
(y,n) process at the lower gamma-ray energy probably comes via a 
compound nucleus and so has a rather feeble angular distribution and 
only a small fraction of relatively high energy neutrons with a possibly 
strong angular distribution comes from the direct interaction mechanism 
while the second neutron of a (y, 2n) reaction is almost certainly from 
a compound nucleus with but little memory of the initial photon 


* The absorption itself does not have to be corrected for and introduces 


no error as we do not attempt an absolute measurement ; only the difference 
in the absorptions is of interest here. 
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direction. The most serious effect might arise in the (y,n) process at 
the higher gamma-ray energy which, as will be seen below, is probably 
due to direct interaction and so may possess a stronger angular 
distribution (Courant 1951). However, for so heavy an element as 
tantalum, neutron shells of rather high angular momentum must be 
involved, with a corresponding tendency to return towards spherical 
symmetry for the photo-neutrons. Even if all the (y,n) neutrons at 
the higher gamma-ray energy possess a pure sin?6 distribution (and 
Price (1951) has surprisingly obtained a distribution as strong as 
1+5 sin’ 6 for neutrons of greater than 3 Mev from Pb, Bi, W and Ni 
under bremsstrahlung of 22 Mev) the geometry of the detecting tank is 
so poor that it would still accept well over 60°, of the neutrons it would 
have accepted had the emission been spherically symmetrical. This 
would increase our value of o, 4, by only about a third of its probable 
error. (For isotropy of the bulk of the neutrons see, for example, Price 
and Kerst (1950) ; for anisotropy of high energy neutrons see, for example, 
Poss (1950) and Price (1951).) 


§5. ANALYSIS OF THE RESULTS 


As the threshold for the (y, 2n) reaction is below the lower gamma-ray 
energy it may appear that our single observation is not enough to 
determine o,, at any energy. Near the lower gamma-ray energy, 
however, o, 5, is expected to be rather small ; we have, in the first place, 
used Eyges’ prediction of its value there in analysing our results. At 
the lower proton energy the gamma-ray energies are 14:6 and 17-6 Mev 
and at the higher 15-2 and 18-2 Mev (allowing for the target thickness). 
It is therefore necessary to assume some relation between o,», at 
18-2 Mev and at 17-6 Mev; we have again, in the first place, taken the 
ratio of these cross sections to be that predicted by Eyges, though we 
have made no assumptions as to their absolute values. We have also 
taken into account the width of the 3-0 Mev level in *Be in determining 
the expected yields at the lower gamma-ray energy. In this way a 
rough value for o, 9, was obtained and so a first attempt at the form of 
the total cross section ; the (y, 2n) curve of Eyges was changed in scale 
to suit our value of o,., at 17-6mev. This rough total cross section 
curve was then used to predict the form of o, 2, by assuming that the 
bulk of the total cross section involves compound nucleus formation ; 
y,on Was derived from the total cross section by the usual statistical 
theory of (y,n) versus (y, 2n) competition as presented by Blatt and 
Weisskopf (1952). The scale of o, 9, was then altered to fit our measured 
point and our value of oc, 5, at 17-6 Mev computed again with this new 
data on o, 0, at the lower energies and the relation between ops on at 
17-6 and 18-2mev. The whole procedure was repeated until stability 
was reached (always permitting the final change of scale of Oy, on to fit 
the measured point). This procedure is fundamentally inconsistent 
because of the large experimental value of o, , above 18 Mev where the 
neutron multiplicity for compound nucleus formation is almost two 
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which means that direct interaction must be here of considerable 
importance (see below). Our method effectively assumes that, at high 
energy, the form of o,, 9, follows that of o,, » which would be very reasonable 
if, in this region, immediate compound nucleus formation were small 
compared with direct interaction (whether this ultimately resulted in 
a compound nucleus or not) ; it is reasonable to suppose a more-or-less 
constant probability for direct interaction to lead to compound nucleus 
formation (i.e. to a (y, 2n) process).* Our method for the form of o, on 
is good enough near the threshold for (y, 2n) as the bulk of the total 
cross section in this region (near Z,,,) is probably due to compound nucleus 
formation and the final change of scale brings a correction consistent 
with the estimated direct effect near the ‘resonance’. Our hypothesis 
concerning the predominance of direct interaction at high energies 
leads us to suppose a more slowly-falling o, 5, than predicted by Eyges 
(see fig. 1). It seems to us very unreasonable that o, 5, should indeed 
fall to a very low value at 22 Mev as compared with o,, as this would 
imply a negligibly-small probability that the nucleon partaking of the 
direct interaction suffer collision and form a compound nucleus. This 
is unreasonable enough for neutrons; for protons (which, together, 
will take part in the direct interaction more frequently by a factor N/Z 
than neutrons) it is even less likely. 

Our final version of o, », and hence of the total cross sectiony is shown, 
with our measured point, in fig. 2. We find that o, >, at 17-6 Mev 
divided by o, , at 14-6 Mev{ is 0-29+0-11;§ the error takes account of 


* Some justification for this assumption that the fall of o, 2, follows in 
form that of co, , derives from the work of Sagane (1952) who finds that in 
647n oy, on, Fy, pn ANd oy, ony all fall like o,, n. 

+ We have already noted that charged-particle emission is most improbable ; 
the cross sections for (y, y) and (y,y’) are small both theoretically and experi- 
mentally (Stearns 1952) and the threshold for (y, 3n) is 22-2 Mev (Levinger 
and Bethe 1952). 

{ By this we mean the value for monochromatic gamma-rays of 14-6 Mev, 
not for the broad line used in this experiment. 

§ A totally independent and largely abortive experiment was performed 
in which the fast neutron output (>0-5 Mev) from a large mass of tantalum 
was measured by a pulse ionization chamber filled’ with hydrogen at 
40 atmospheres while the (y, n) reaction was monitored by the activity induced 
in a Geiger counter made almost entirely of tantalum. This experiment, 
like the other, was beset by background troubles which were even more 
difficult to allow for accurately than those of the experiment already described, 
though not so large in proportion, and gave the result that Oy, 2n at 17-6 Mev 
is close to zero, though with so large a probable error that the result is con- 
sistent with the present one. From the irradiations at low proton energy 
alone, where the gamma ray flux was measured by a standardized Geiger 
counter (Barnes, Carver, Stafford and Wilkinson 1952) we can quote a figure 
for 0°37 (o),n+20,,on) at ‘14-6 Mev’ (broad line) +0-63 (oy, n+20,, on) at 
17-6 mev of (400+60) mb. This is to be compared with the 320 mb from the 
results presented in fig. 2 and the cross section scale established by Halpern, 
Nathans and Mann or with the 470 mb using the cross section scale of Eyges, 
suggesting that the correct scale may be roughly mid-way between the two. 
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the uncertainty in the composition of the gamma-rays as estimated 
by Stearns and McDaniel (1951). Note that we suppose o to be 
rather greater than o, , throughout the region (above 18 ay where 
the neutron multiplicity for compound nucleus formation is virtually 
two. This should be so if we are correct in assuming that 0, , is almost 
wholly due to direct interaction; if we assume that Ae direct 
Interaction involving a proton leads to a compound nucleus, the relation 
of fig. 2 between o, ., and dyn Suggests that the probability that the 
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Cross section for 181Ta(y, n)18°Ta, our experimental value of cy, 2 at 17-6 Mev, 


the full cy, on constructed with its aid and the corresponding total cross 
section (cross section units are arbitrary). 


neutron of a direct interaction should collide seriously enough to form 
a compound nucleus* is less than 0-2. This appears to be rather small 
but not, perhaps, impossible (the nucleon energy within the nucleus 
is about 50 Mev). 
ee ee 
* It is also possible for a direct process to lead to a (y, 2n) reaction without the 
intervention of a collision ; if the direct ejection takes place from a sufficiently 
low-lying neutron shell sufficient excitation may remain in the nucleus for the 
emission of a second neutron. 


418 J. H. Carver, R. D. Edge and D. H. Wilkinson on the 


§6. DiscussIoN OF THE RESULT 


We must first of all note that our measurement agrees with the 
prediction of Eyges to within our probable error though the experimental 
result may be somewhat the lower. vi. 

We have already remarked that, in tantalum at an excitation of 
17-6 mev, the neutron multiplicity, if a compound nucleus is formed, 
is 1-95 so our value of o, 9, is virtually the cross section for compound 
nucleus formation, while the bulk of o,, probably belongs to some 
mechanism of direct excitation of the neutron.* Thus while our result 
supports the hypothesis of Levinger and Bethe (1952) that neutron 
emission processes of higher multiplicity are of considerable importance 
and so their explanation of nuclear photo-disintegration of the heavy 
elements in terms of the electric dipole sum rule, it shows that it may 
not be proper to neglect, as they do, the contribution of processes not 
involving compound nucleus formation. Off-hand one should expect 
the relative cross section for direct processes to increase with gamma-ray 
energy and so the ratio o(direct)/o(compound nucleus)=0-81 at 17-6 Mev 
is disturbingly large ; it may indicate that Levinger and Bethe’s estimate 
of neutron multiplicity may be seriously high; if corrected it would 
lead to an even larger value of 


{ o.dE 


0 


than they deduced, which value seemed already considerably higher than 
the prediction of the dipolesum rule. We must enquire into the possibility 
of error in o,, at the higher energies: the results of Haslam, Smith 
and Taylor (1951) are based on careful and accurate work and appear 
to rule out a very small value of o, , at 17-6 Mev, particularly as they 


* A considerably lower value of the neutron multiplicity would result from — 
Schiff’s (1948) modification of the statistical theory in which the initial state 
is assumed to be of an especially-simple type (an extreme example of which 
would be that envisaged by Goldhaber and Teller); this simple state then 
tends to combine with other simple states whose density does not increase 
as rapidly with nuclear excitation as that of all states put together and in 
consequence the maximum of the photo-nucleon spectrum is shifted to higher 
energy. This theory might then be able to reconcile the high value of Cyan 
relative to o,,2, with compound nucleus formation and avoid the present. 
rather-embarrassing assumption of a very considerable amount of direct 
interaction, and the perhaps even more embarrassing consequence of a 
probability of immediate escape of 80° or more for the neutron concerned. 
There is, however, little evidence for Schiff’s hypothesis, though the possibility 
of an unexpectedly large o, , following an excitation of the Goldhaber—Teller 
or other simple type must be borne in mind. 
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extend a further 4 Mev in gamma-ray energy.* If, in fact, Cy,» Were 
very small at 17-6 Mev the value of Sy on at 17-6 Mev derived from our 
experiment would increase to 0-42 in terms of oy, at 14-6 Mev which 
is not far outside our experimental error. It is not, therefore, of great 
importance to the present work to determine the results of oy, at the 
higher energy, though their relevance to the problem of neutron 
multiplicity at high energy may be considerable.t+ 

We now turn to the other problem of interest stated in the introduction, 
namely the sharpness of the ‘resonance’ and its possible implications 
for an explanation in terms of some general property of nuclear matter. 
We now know the ratio of the total cross section (¢,, n+%y, on) at 17-6 Mev 
to that at its peak; if we accept the measured 6, this ratio is 0-51 
and if we adopt the extreme view that c, , is zero at 17-6 Mev the ratio 
is little different, namely 0-41. In either event it is clear that much 
of the ‘resonance’ remains even in the total cross section, the width 
increasing from about 4-5 Mey for o,, to a probable value of about 
6 mev for the total cross section as may be seen from fig. 2. This result 
then shows that there is indeed a need for a general account of the 
“resonances ’ in photonuclear processes, perhaps in terms of some aspect 
of the nucleon-nucleon interaction, perhaps in terms of the excitation 
of nuclear alpha-particles (Levinger and Bethe 1950), or perhaps in terms 
of a specific nuclear model such as that of Goldhaber and Teller. 


* Some rather tenuous evidence for the reality of a large direct interaction 
(y,n) cross section at 17-6Mevy may be obtained in the following way: 
Courant’s (1951) theory of the direct interaction effect for the emission of 
protons from heavy elements predicts systematically too low a cross section ; 
if we accept that the emission of protons from heavy elements is due principally 
to direct interaction it is perhaps sensible to apply Courant’s theory to direct 
neutron emission, multiplying its prediction by the factor by which it falls 
short for proton emission. For tantalum this gives co, , about 70 mb as against 
the 85 mb of Haslam, Smith and Taylor with the cross section scale supplied 
by Halpern, Nathans and Mann (1952). 

Very long ‘tails’ extending to over 40 Mev have been reported (Sagane 
1951) in oy,» for ?C(y, n)4C and 1*O(y, n)1°O as also in °*Zn(y, n)®Zn and 
54Fe(y, n)®*Fe (Sagane 1952) ; these can only be due to a direct photo-effect, 
and suggest that this (y, n) ‘tail’ in tantalum is probably real. 

+ It should also be noted that if the large (y, n) cross section at high energies 
is indeed real and due to direct interaction we must anticipate that o,,» will 
not be negligible as the Coulomb barrier of about 13 Mev would be already 
overcome by protons from gamma-rays of energy 20 Mev (proton binding 
energy is 5-8 Mev according to Heidmann and Bethe (1951)). This would 


Ove, a 
again raise ik aaa: 


The (y, p) process would not, of course, have been detected by Haslam, Smith 
and Taylor as 1°Hf is stable. ee we 3: 

+ It is not suggested, of course, that this theory in its simple form is complete. 
The possible presence of the large cross section for direct interaction even in 
the neighbourhood of the ‘resonance’ shows that other processes may be of 
comparable importance. The magnitude of the (y, y’) cross section (Stearns 
1952) also argues against a pure Goldhaber—Teller theory. 
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If we accept all available experimental results at their face value the 
(y, 2n) process is seen almost wholly as a by-product of direct interaction 
and so should not be added to o,,,, in discussing the significance of the 
‘resonances’ if one believes these to be due to immediate compound 
nuclear formation of some sort. It also appears that the amount of 
immediate compound nucleus formation (as opposed to that via the 
reabsorption within the nucleus of a nucleon from a direct interaction) 
must be very small at 17-6 Mev. This may suggest that, when the direct 
effect is subtracted, the ‘resonances’ are even sharper than has been 
supposed and may even fall from their maxima more rapidly than they 
rise to them. The slower rise may be due to the relative importance, 
near the threshold, of dipole transitions which excite a compound nucleus 
but which are not part of the ‘resonance’, and of electric quadrupole 
and magnetic dipole transitions, again not part of the ‘resonance’. 
This is to be expected. Indeed cross section curves exist that exhibit 
a sharp rise from the threshold followed by a plateau (e.g. Horsley, 
Haslam and Johns for 1°F(yn)!8F; Krohn and Shrader (1952) for 
68Cu(yn)*Cu) or even a dip (e.g. Johns, Horsley, Haslam and Quinton 
(1951) for N(yn)"N) before the rise to the principal ‘resonance ’. 
In light nuclei such behaviour may, of course, merely reflect local 
fluctuations in level density or even excitation of individual nuclear 
levels (as observed, for example, by Goward and Wilkins (1952) in 
16O(y, 4a) and "Cy, 3«)). If it is proper to suppose such a subtraction 
at the beginning, due to alternative modes of compound nuclear absorption 
and at the end, due to the direct effect, the present considerations suggest 
that, rather than being thought wider than at one time supposed, the 
“resonances ’ should be regarded as narrower than they appear in o, , 
alone. 


§7. COMPARISON WITH THE ToTaL NEUTRON YIELD CURVE 


We may compare our ideas of the forms of o, , and c, », with the total 
neutron yield curve obtained by Halpern, Nathans and Mann (1952) 
using betatron bremsstrahlung. This we do in fig. 3; the full curve is 
derived from the (y, n) and (y, 2n) curves of fig. 2, and the circles are the 
experimental results of the above workers.* It is seen that agreement 
is as good as could be wished considering the rather inaccurate nature 
of both experiments. Halpern, Nathans and Mann have interpreted 
their results in terms of ao, 5, that rises rather slowly from the thresholdt 
and reaches a maximum at about 20-5Mev; this maximum is large 
enough to persist as a second maximum in the total cross section itself. 


* A short comparison of these results has already been presented by Carver, 
Edge and Wilkinson (1953). 

{ It may be seen from fig. 1 that the predicted oy,n Of Eyges would be in 
rather poor agreement with the neutron yield measurements ; it would pass 
far above them around 17 mey and fall badly below at the highest energies. 

{This is very difficult to believe in view of the rapid rise in neutron 
multiplicity above the threshold. 
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This, if true, would be very startling. It might be that this second. 
maximum is due to resonance dipole absorption in alpha-particle-like- 
sub-units of the nucleus; such a resonance may be expected at about 
20-30 Mev. Again, one of the two maxima may be of the Goldhaber- 
Teller type and the other be due to some specific aspect of nuclear 
forces. The only theory at present available that predicts such a double: 


Fig. 3 
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Total expected neutron yield (full line) as a function of gamma-ray energy’ 

Peel from o,,n and oy, (taken from fig. 2) compared with the 

experimental neutron yield of Halpern, Nathans and Mann (circles). 
(Units of neutron yield are arbitrary.) 


resonance is that of Danos and Steinwedel (1951) and Danos (1952) ; 
it extends the Goldhaber—Teller theory to resonance absorption of 
higher order. According to it the lowest mode of electric Cada aay 
absorption should take place at an energy 1-6 times higher than that 

the fundamental dipole mode and would, of course, manifest itself oe MP 
as a (y, 2n) resonance, since such absorption forms a compound nuc a 
with neutron multiplicity almost two. This would predict the secon 
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maximum at 22-8 Mev instead of the observed 20-5 Mev.* It also appears 
from the work of Danos and Steinwedel using direct calculation and of 
Levinger and Bethe (1950) using a quadrupole sum rule that the observed 
cross section is of order two times greater relative to the dipole cross 
section at its resonance than should be expected for quadrupole 
absorption. If the second maximum becomes firmly established it will. 
be a matter of the greatest importance, but it seems to us that the 
evidence is so far not completely convincing in view of the theoretical 
considerations and the good agreement between the neutron yield data 
and our own simpler suggestions. 

It must be pointed out that convincing evidence for higher multipole 
absorption can only come from the establishment of subsidiary maxima 
in the total nuclear absorption cross section for gamma-rays. For 
example, Danos and Steinwedel (1951) and Danos (1952) have seen in 
Strauch’s (1951) observation that the effective energy of gamma-ray 
for the production of the reaction ®Zn(y, pn)*’Cu is 30 Mev evidence 
for a quadrupole resonance. The more detailed work of Sagane (1952) 
however, shows that no pronounced corresponding maximum exists in 
the total cross section and that the energy at which this particular 
process enjoys a maximum is probably merely the result of competition 
(though it may be significant that o, ., shows a maximum at the same 
energy). In this example no final decision could be arrived at in any 
case on the basis of present evidence because o, , is not known. 


§8. CONCLUSIONS 


1. The ratio of o, 5, in tantalum at 17-6 Mev to o,, at 14-6 Mev is 
0-29-40-11. 

2. The total cross section for gamma-ray absorption still displays 
a resonance form such as predicted by the theory of Goldhaber and 
Teller. : 

3. The considerable value of oc, », found supports the idea that higher 
order processes are important in estimating the integrated cross section 
from the neutron yield in heavy elements. 

4. The large value of o, , above 18 Mev suggests that even at such a 
comparatively niodest energy direct effects are of importance and that 
it is dangerous to base an analysis of high-energy photodisintegration 
on the idea that a compound nucleus is always involved. 

5. There is some suggestion that the ‘resonances’ may be regarded 
as even sharper than is indicated by a, ,. 

6. The possibility of higher multipole disintegration must be considered ; 
this would be detected as a second ‘ resonance’ in the total absorption 
cross section. 

* The relative positions of the two resonances may be changed by the strong 
damping suffered by each initial mode, but this effect cannot be estimated 
at the present time. Again the relative positions of the resonances may 


change if one relaxes the restriction imposed by Danos and Steinwedel that 
the surface neutrons and protons do not move relative to one another. 
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7. It seems to us that two measurements are of great importance in 
the attempt to elucidate more fully the mechanism of these processes : 
one is that of oc, , which should be done with the greatest attention to 
the region near the threshold and to the region above about 17 Mev ; 
the other is of the total neutron yield, particularly above the ‘ resonance ’ 
where o, 5, becomes appreciable. It is not necessary that these measure- 
ments be made absolutely, but considerable accuracy is needed in the 
comparison of the forms of the cross sections and so it is highly desirable 
that both measurements be made by the same group; certain 
systematic errors in the form of both cross sections would then be of 
little importance where they would vitiate a comparison of the results 
of two groups each performing one measurement only. 
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ABSTRACT 


The energy spectra and yields of neutrons produced by the bombard- 
ment of beryllium, carbon, aluminium and uranium with protons of 
energy 160 Mev have been measured at an angle near the forward proton 
direction. 


§ 1. InTRODUCTION 


THE neutrons obtained from internal targets in the 110” Harwell synchro- 
_ cyclotron have already been used for many experiments, and the purpose 
of this paper is to describe some measurements of the neutron flux and 
energy distribution. The preliminary results already briefly reported 
(Cassels, Randle, Pickavance and Taylor 1951) have been improved by 
calibrating the neutron detector experimentally instead of relying on 
calculated correction factors. 


§ 2. PRINCIPLE 


The target, made either of beryllium, carbon, aluminium or uranium, 
intercepted the circulating proton beam of the cyclotron at a radius 
where the maximum proton energy was 171 Mev. A hole 5cm in 
diameter in the concrete shielding walls enabled neutrons produced at 
2-5° from the forward direction to pass through to the neutron detector. 
The position of the cyclotron and the shielding walls made it inconvenient 
to use a smaller angle to the forward direction. The neutrons emerged 
from the cyclotron vacuum chamber through an aluminium window 3mm 
thick. The relative positions of the cyclotron target, shielding walls 
and neutron detector were as shown in fig. 1 of a paper on another subject 
(Taylor, Pickavance, Cassels and Randle 1951). The same neutron 
monitor was used. ; 

The neutron detector, which measured the number of neutrons within 
a predetermined energy band, consisted of a counter telescope and a 
polythene radiator. The radiator was placed in the neutron beam and 
protons recoiling at an angle of 10° to the forward direction of the neutrons 
passed. successively through 53 cm of air, two proportional counters, a 
carbon absorber and an ionization chamber. In general the ionization 
chamber responded to protons near the end of their range, so that only 
Te Se sO MASE ah apt sc asc a ev Rend 
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those protons which emerged from the radiator in a defined energy 
band could cause a triple coincidence between the two counters and the 
ionization chamber. The mean energy of the protons detected was set 
by the thickness of the carbon absorber. Since there was a one to one 
correlation between neutron and proton energies only for recoils from 
the hydrogen nuclei in the polythene, it was necessary to subtract a 
background taken with a carbon radiator. The polythene and carbon 
radiators contained the same number of carbon atoms. 


§3. THE lonIZATION CHAMBER 
The ionization chamber (fig. 1) contained a grid to ensure that the 
height of the output pulses depended only on the amount of ionization 
produced. The sensitive volume between the grid and the high voltage 


Fig. 1 
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A section of the ionization chamber showing the equipotential surfaces of the 
electrostatic field. The sensitive volume is between the dashed lines. 


electrode was 34cm long and had a breadth and height both equal to 
5em. The chamber was aligned so that the protons, after entering 
sae i hs window 46 mg-cm~ thick, travelled along its length. 
was filled to a pressure of 70cm Hg with y 
apie g argon (90%) and carbon 
The electrostatic potentials applied to four field shaping bars, which 
Tan the whole length of the chamber, were adjusted to give a sufficiently 
uniform field in the sensitive volume. The correct potentials for the 
bars were found by experimenting with a model in an electrolytic tank. 
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The equipotential surfaces so found are also shown in fig. 1, and the 
boundaries of the sensitive volume are indicated by dashed lines: 

The grid conformed to the design data given by Bunemann, Cranshaw 
and Harvey (1946); it consisted of a number of parallel strands of 
36 S.W.G. copper wire separated by gaps of 0-81 mm and was supported. 
on a brass frame 3-2 mm away from the collector. 

A thin polonium alpha particle source was mounted on a flap in the 
centre of the high voltage electrode in such a way that it could be exposed 
to the sensitive volume when required. A differential bias curve of the 
polonium alpha particles, plotted with the aid of a 30 channel pulse 
amplitude analyser, is shown in fig. 2. The tail on this curve was caused 
by those particles which did not have their whole range within the 
sensitive volume. The full width at half height of the main peak was 
4:3°%, of the mean pulse height, and it was concluded that the ionization 
chamber and its grid were working satisfactorily. 


Fig. 2 
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The pulse height distribution obtained from the ionization chamber on exposure 
to the source of 5-3 Mev alpha particles. 


§4. THe CoUNTER TELESCOPE 


The proportional counters in the telescope were cylindrical, 5cm in 
diameter and 5cm in length, with copper end windows 46 mg-cm~ 
thick. A 0-02cm tungsten wire, stretched across a diameter, acted as 
the collecting electrode. The counters were filled to a pressure of 52 cm 
Hg with a mixture of argon (96%) and carbon dioxide (4%). 

The voltage pulses from the counters and ionization chamber were 
amplified and fed into a triple coincidence unit after amplitude discrimina- 
tion. Pulses from the two proportional counters were mixed first (resolv- 
ing time 0-5 ys) and the resulting double coincidence pulses were then 
mixed with pulses from the ionization chamber (resolving time 1| ys). 
The resolving times, the channel delay times and the voltages applied 
to the proportional counters, were adjusted in the standard way to bring 
each on to a ‘ plateau ’ of the triple coincidence counting rate. 
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The amplitude discrimination on the pulses from the chamber was set so 
that a proton dissipating 0-67 Mev within the sensitive volume was on 
the threshold of detection. The setting was made by using the internal 
polonium source of 5-3 Mev alpha particles. The amplifier noise pulses 
rarely appeared above half this setting. 

A calculation involving the length of the ionization chamber and the 
stopping power of the filling gas showed that a proton entering the 
sensitive volume with an energy greater than 29-5 Mev was not normally 
counted because its specific ionization was too small. Thus the chamber 
was sensitive to protons entering it with an energy between 0-67 Mev 
and 29-5 mev. A neutron could therefore be detected if it was able to 
produce a proton recoil which, after being slowed down in its passage 
through the telescope, reached the chamber with an energy between 
these limits. 

It was, however, possible for neutrons of higher energy to be detected 
by a different mechanism. They could produce proton recoils which 
made a nuclear collision in the absorber, or elsewhere, and the reaction 
products could pass through the chamber and cause enough ionization 
for a count to be recorded. The magnitude of this effect, which was 
small, was determined in the calibration experiment. 

The random triple coincidences were recorded during each run by 
feeding the double coincidences from the proportional counters and 
delayed pulses from the ionization chamber into a separate mixer unit. 
A delay time of 2-5 microseconds was used. ‘The number of genuine 
coincidences was found by subtracting the random coincidences. The 
random rate was usually about 1% of the genuine rate. 

The polythene and carbon radiators were cylindrical in shape and 
their diameter (5 cm) was less than the diameter of the neutron beam in 
which they were placed. Their masses were 38:17 and 32-55 g respec- 
tively. An extra absorber was put into the telescope when using the 
carbon radiator in order to compensate for the difference in stopping 
powers of the carbon and polythene radiators. 


§5. THe RaANGE-ENERGY RELATION 


The range-energy relation for protons in carbon was computed for a 
value of the mean ionization potential (I) equal to 74 ev. In the earlier 
report of this work (Cassels et al. 1951) a value of I equal to 50-3 ev 
(Taylor 1950) was used, but the experimental evidence is now in favour 
of the higher value. The new value, which is in agreement with the 
work of Mather and Segré (1951) and of Bakker and Segré (1951), was 
obtained by comparing the range of the cyclotron external proton beam 
in carbon and aluminium. The aluminium range-energy relation 
published by Smith (1947) was assumed to be correct, as Bloembergen 
and van Heerden (1951) and Mather and Segré (1951) have shown that 
the ranges predicted are accurate to 2%, or better: 
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§ 6. CALIBRATION 


The thickness of absorber in the counter telescope was varied during 
the spectrum measurements and this resulted in a variation of some of 
the characteristics of the neutron detector. For example, the width 
of the main detection band was not constant owing to the properties of 
the range-energy relation for protons in matter, and there was also a 
variable loss of protons by multiple coulomb scattering, and nuclear 
absorption, which occurred mainly in the absorber. Therefore a calibra- 
tion experiment was necessary. It was also possible from this experiment 
to find the mean detection energy and the small response to energies 
higher than the main detection band. 

The response to various proton energies was measured by placing the 
telescope, without a radiator, in the external proton beam of the cyclo- 
tron. The incident energy was changed by slowing down the protons 
in varying amounts of carbon absorber (the primary absorber) 3 metres 
in front of the telescope. The number of triple coincidences was measured 
for each incident proton energy, the double coincidences between the two 
proportional counters being used as a monitor. In this way the proton 
efficiency curves were plotted. Each was converted to a neutron efficiency 
curve by multiplying the ordinates by the neutron—proton cross-section at 
10°, and the incident proton energies were changed to the equivalent 
neutron energies by considering the kinematics of the neutron—proton 
scattering, allowance being made for ionization losses in the radiator. 

The values of the neutron—proton differential cross-section were taken 
from the expression 


o (10°) = 3-64 + 259 (H)-1? + 1180 (#)-} 


where o (10°) is in the laboratory system of co-ordinates and is expressed 
in units of 10-?? cm?-steradian-! and # is the neutron energy in Mev. 
The equation was determined empirically so that it agreed with the 
experimental results (Hadley, Kelly, Leith, Segré, Wiegand and York 
1949 ; Randle, Taylor and Wood 1952). 

The external proton beam of the cyclotron was not monoenergetic 
and an energy spread was also introduced by straggling in the primary 
absorber. This tended to mask the details in the shape of the efficiency 
curves. The standard deviation of the energy of the incident protons, 
varied between 1-8 and 4-5 Mev, depending on the primary absorber 
thickness. 

The neutron efficiency curves determined in this calibration were not 
the same as the efficiency curves which applied during the spectrum 
experiments, because the additional energy spreads introduced by the 
radiator andthe finite angular resolution of the telescope were not 
included. Although these spreads spoil the energy resolution of the 
detector they do not changé the ratio of the areas under the curves and 
therefore it was permissible to use the curves as at present determined 
to evaluate the results. leas ila 
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The calibration was done for four thicknesses of the telescope absorber 
and the results (fig. 3) clearly display the differential nature of the 
detector. The small response to high energy particles caused by the 
effect mentioned previously can be seen in the figure. A division was 
made between this high energy tail and the main part of the efficiency 
curve at the dashed lines. The lines were chosen so that the corre- 
sponding protons were entering the ionization chamber with an energy 
of 50 Mev. The contribution of the tail to the number of triple coinci- 
dences was subtracted during the evaluation of the neutron spectra. 

The area under the main part of the efficiency curves was used as a 
divisor when evaluating the neutron spectra from the triple coincidence 
counting rates, and the effective neutron energy of the detector was 
taken to be the abscissa of the centroid of this area. A graph of each 
of these two quantities against telescope absorber thickness was con- 
structed by using the four experimental points. 


Fig. 3 
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The efficiency of the counter telescope as a function of neutron energy for 
four thicknesses of telescope absorber. The circles and squares plotted 
here are about equal to the standard deviation of the counting statistics. 


§7. Tor ENERGY RESOLUTION OF THE NEUTRON DETECTOR 


The finite radiator thickness contributed in two ways to the width of 
the efficiency curve. First, the position of the neutron—proton collision 
within the radiator was uncertain. This caused an uncertainty in the 
neutron energy of 10 Mev at the highest detection energy and 22 Mev 
at the lowest. Secondly, the multiple coulomb scattering of the protons 
in the radiator caused an uncertainty in the scattering angle. The 
largest consequent uncertainty in neutron energy was about 2% and 
this occurred at the lowest detection energies. The angular recoleeoe 
of the telescope (4°) also caused an uncertainty of scattering angle and 
in this case the spread in neutron energies was 24%. 

The efficiency curves determined in the calibration experiment con- 
tained the spread arising from the straggling in the telescope absorber. 
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As has been mentioned previously, they also contained an unwanted 
spread arising from the energy spread introduced into the incident 
proton beam before reaching the telescope. It was estimated that the 
total effect of all the spreads which occurred in the spectrum experiments 
gave a neutron efficiency curve whose full width at half height was about 
11 Mey at a mean detection energy of 150 Mev and about 25 Mev at 60 Mev. 


§8. THE Proton SPECTRUM 

The protons which bombarded the internal cyclotron targets were 
not monoenergetic. The inhomogeneity was caused by radial oscillations 
of the particles in the cyclotron and by target thickness effects, which 
were aggravated by multiple traversals (Cassels, Dickson and Howlett 
1951). Dickson (1952) has examined the radial oscillations in the Harwell 
cyclotron, and his results, taken together with the multiple traversal 
theory, have been used to compute the primary proton spectrum shown 
by dashed lines in figs. 5, 6, 7 and 8. 


Fig. 4 
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ine triple coincidence rate as a function of the telescope absorber 
re tienes Byiained with the beryllium target for the polythene and carbon 
radiators. 


§9, EVALUATION OF THE NEUTRON SPECTRA 
Figure 4 shows the genuine triple coincidence counting rates obtained 
with the beryllium target. The other targets gave similar curves. The 


number of genuine triple coincidences per monitor count obtained with 
the polythene and carbon radiators was noted for each absorber thickness, 
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The difference was divided by the area of the main part of the efficiency 
curve corresponding to that absorber thickness. This quantity was 
now proportional to the neutron flux per Mev and a preliminary graph 
against the effective neutron energy was plotted. 

The shape of the neutron energy spectrum was next corrected for the 
high energy tail on the efficiency curve. The spectrum as determined 
so far was used to calculate the contribution to the triple coincidences 
arising from the tail. This contribution, which varied from zero to 20%, 
was subtracted and a new neutron spectrum calculated. The process 
could have been repeated but this was not found to be necessary. 


§10. ABSOLUTE Cross SECTIONS 


The neutron spectra were placed on an absolute scale by determining 
the cross-section for the production of neutrons of energy greater than 
58 mev. For this experiment the same detector was used except that 
the ionization chamber was replaced by a third proportional counter. 
As usual, polythene and carbon radiators were used and differences 
taken. The carbon absorber thickness was such that neutrons with an 
energy above 58 Mev were detected. As the neutron—proton scattering 
cross-section varied with neutron energy it was necessary to use an 
effective value when calculating the neutron flux. The scattering cross- 
section was weighted with the neutron spectrum in order to find this 
effective value. 

Immediately after the neutron flux from the carbon target had been 
measured, this target was removed from the cyclotron and its UC activity 
measured with a calibrated Geiger counter. The cross-section for the 
reaction *C(p, pn)!!C has been determined (Aamodt, Peterson and Phillips 
1952) and so the neutron production cross-section could be found. To 
obtain a similar result for beryllium, two thick pieces of beryllium were 
sandwiched between three thin pieces of carbon so as to form a composite 
target. Allowance was made for the small number of neutrons which 
came from the carbon. The target was dismantled after bombardment 
and the carbon layers examined with the calibrated counter as before. 
The neutrons detected in these two experiments left the target at an 
angle of 5° to the forward direction. The cross-sections were corrected 
back to 2-5° by using the angular distribution measured by Snowden 
(1952). The correction amounted to 1% for beryllium and the carbon 
correction was assumed to be the same. 

In another experiment, the neutron production cross-sections in four 
elements were compared at the usual angle of 25° to the forward direction. 
Beryllium, carbon, aluminium and platinum targets were mounted on 
a rotating holder. A remote control device enabled any one of the 
targets to be brought into the proton beam. The thicknesses of the 
four targets, expressed in radiation lengths, were chosen to be nearly 
equal so that about the same number of traversals of the beam occurred 
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with each target. The multiple traversal theory was used to make the 
small residual corrections. A platinum target was used instead of 
uranium because of the difficulty of obtaining a thin piece of uranium. 

The results of the ratio experiment and the absolute experiment were 
used to give a combined result (see the table). The uranium production 
cross-section was calculated to be 1805 x 10-27 em2-steradian-1 by 
assuming that the cross-section varied as the 2/3 power of the number of 
neutrons in the nucleus (Knox 1951). 


Cross Sections for the Production of Neutrons near the Forward Direction 
with an Energy above 58 Mev 


‘Element 


Ratio Expt. 


Absolute Expt. 
10?’ (cm? ster.—1) 


Combined Results 


1027c (cm? ster.-1) + + 192435 |1560+280| 


Theoretical Results 
Mandl and Skyrme 
10?’o (cm? ster.) 


§11. Frnat REsULtTs 


Figures 5, 6, 7 and 8 show the spectra obtained with the beryllium, 
carbon, aluminium and uranium targets. The errors shown are the 
standard deviations due to the counting statistics of the spectrum shape — 
experiment. The cross-section scales have an uncertainty of 18% which 
arises from the total neutron production experiments, although for 
relative values between the four curves the uncertainty is only 5%. 


§ 12. Discussion 


The most striking feature of these results is that all the neutron 
energy spectra show prominent peaks close to the upper limits set by 
the energy available. In carbon the limit is unusually low because 
the Q of the (p, n) reaction in ”C (isotopic abundance 99%) is —18-5 Mev. 
Similar peaks have been observed in the energy spectra of the neutrons 
produced by 245 mev protons (Nelson, Guernsey and Mott 1952). 
Experiments with 112 Mev protons (Bodansky and Ramsey 1951, 
Strauch and Hofmann 1952) have shown that the peaks begin to appear 
when the emergent neutrons can have energies greater than about 


85 Mev. 


434 T. C. Randle et al. on 


Many experiments have shown that the mean free path of high energy 
nucleons in nuclear matter is of the same order as nuclear radii. Because 
of this ‘ transparency’ high energy neutron production in the forward 
direction is mainly the result of direct knock-on collisions between the 
ingoing proton and individual neutrons in the target nucleus. This 
process obviously leads to a peak in the neutron spectrum near the 


Figs. 5 and 6 
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The neutron energy spectra obtained from beryllium and carbon by 


bombardment with protons. The energy spectra of the primary protons 
are indicated by the dashed lines. 


maximum energy. The peak is broadened by the internal momentum 
distribution of the struck neutrons, and lower energy neutrons can also 


be emitted in the forward direction when two or more fast collisions 
take place inside the target nucleus. 


Neutrons Produced by High Energy Protons 435 


These processes have been examined theoretically by Mandl and 
‘Skyrme (1952) whose results are in reasonable agreement with experi- 
ment. A very close comparison of experiment with the theory is 
prevented by the large, and rather uncertain, spread in energy of the 
primary protons. This spread is now known to be larger than was 


Figs. 7 and 8 
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realized at the time of the earlier communications from Harwell on 
high energy neutron spectra. In particular, it is not clear whether or 
not there are more low energy neutrons than would be predicted. 
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XLV. The Role of Preferred Orientation in Elasticity Investigations 


By G. BRADFIELD and H. Pursry 
National Physical Laboratory, Teddington* 


[Received January 13, 1953] 


ABSTRACT 


The purpose of the paper is firstly to investigate the role of preferred 
orientation in the elastic properties of polycrystalline metals, and secondly 
to apply these considerations to some experimental results. The analysis 
is confined to metals in the cubic crystalline system constituted so that 
the preferred orientation has circular symmetry about the axis of a bar, 
expressions being derived for the apparent elastic constants of the bar 
in terms of the single crystal constants and an anisotropy index. The 
experimental results used for illustration relate to alloys of copper with 
members of the first long period and cover variations in the annealing 
processes used. 


It is not widely known that most polycrystalline metals prepared by 
ordinary laboratory and industrial methods are markedly anisotropic 
on account of preferred orientation, and that this preferred orientation 
changes its character on annealing. Unless a correction for anisotropy is 
applied, the normal effect of annealing in raising the elastic moduli will be 
completely masked. This paper describes a method of estimating the 
degree of anisotropy, and of correcting for it. Using this method of 
correction some results are given on a series of alloys of copper with 
elements of the first long period, showing the way in which annealing 
influences their elastic properties, especially for very dilute alloys. 

The extent of these effects is shown in the table below by tests on two 
bars of copper and two of silver, which are typical of certain methods of 
manufacture. The bars were tested dynamically in longitudinal vibration, 
which yields an apparent Young’s Modulus LH’, and in torsional vibration, 
which yields an apparent Modulus of Rigidity @’, using methods discussed 
briefly by Bradfield (1951) and in Nature (1952). An apparent Poisson’s 
Ratio oyp (equal to $H/G—1) has been derived from these results, together 
with a lateral inertia Poisson’s Ratio o,; which was deduced from the 
theory of dispersion of longitudinal waves in round bars evolved by 
Pochhammer (1876) whose mathematical treatment was simplified by 
Bancroft (1941). It is assumed in this theory that the elastic moduli are 
invariant with frequency, and other experiments on these materials had 
shown this to be the case (over the frequency range in the table). 

The table shows that annealing may result in an increase of as much 
as 35°, in E’ together with a decrease of 13% in G’. Consequently, unless 
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a correction is made for anisotropy the results are meaningless. It is only 
fair to add that several of the above specimens were so anisotropic as to be 
beyond the scope of the present first-order correction theory, and in such 
cases the value of the system of testing lies in its ability to indicate that 
such specimens should be rejected. 

More detailed accounts of the methods of test and the derivation of the 
anisotropy corrections will be published separately by the present authors, 
but because of its outstanding importance in elasticity research the 
method of deriving the corrections and hence obtaining the true elastic 
constants for the material tested will now be indicated. 

If we assume that the specimen has circular symmetry about its principal 
axis then it can be shown that its elastic constants may be expressed in 
terms of the three single-crystal constants of the material (supposing this 
to have cubic symmetry) and a constant K, equal to the average value of 
Pm?+mn?+n7l? over all grains, where J, m and n are the direction 
cosines of the specimen axis relative to the crystallographic axes of an 
individual grain. 

The ‘ anisotropy index’ « is defined by 

cee meee ME (1) 
CLI 
Then it may be shown that 
—125¢ (K—1/5) 
(614 —Cy2t+3Cq4)(C11 +4C12—2Ca44) ’ 


where ¢,,, ¢,. and c,, are the elastic moduli of a single crystal of the 
material and c=(¢,,;—C¢,2—2¢4,). For an isotropic (randomly oriented) 
polycrystalline material the value of K is 1/5 and « is zero. 

Hence the elastic constants of the specimen may be expressed in terms 
of the three single-crystal constants and the anisotropy index. 

We find that 
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where E is the isotropic modulus (i.e. the value of #’ when K=1/5) and 
from eqns. (2) and (3) 


SS (=) a2 (A(t) ; - AS 
(5x xers\ 0%) \8]\2¢y1-+3Cr2+Cas 
Substituting (6) in eqn. (5) gives 
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Calculations on a number of materials show that the coefficients of « in 
these expressions are of order +0-1, and provided « is reasonably small 
(experience shows that it should not exceed 0-1) the coefficients need only 
be known to an accuracy of about +5%. A similar analysis can cover the 
effect of circularly symmetric preferred orientation on the stress-strain 
elastic constants, e.g. effective c,,, ¢4, etc. of such a specimen. It should 
be pointed out that if the analysis is carried out by averaging the single- 
crystal moduli of compliance s,,, 8,. and 8,4, then the analogous 


Fig. 1 
Values referred to 20°C 


Young’s Modulus (# or E’) x 10-14 dynes/cm? 


Percentage (Atomic) of Zinc. 


Variation of Young’s Modulus with Zine Content in Copper—Zine Alloys 
showing effect of corrections for anisotropy and of correct annealing. 
O Corrected for anisotropy. 
x Uncorrected for anisotropy and inadequately annealed. 


expressions corresponding to eqns. (7) and (8) yield coefficients for « which 
are identical in value with those obtained above. 

In conclusion, the value of these methods will be illustrated in 
connection with an investigation on the elasticity of copper-zine alloys 
In figs. 1 and 2, Young’s Modulus and Modulus of Rigidity are plotted 
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against atomic percentage of the alloying element. The final results when 
the specimens were thoroughly annealed (650°c for 1} hours) and corrected 
for anisotropy are shown in comparison with the original results in which 
the specimens had not been completely annealed and were uncorrected 
for anisotropy. The former values show a linear relationship to the 
proportion of alloying element with a standard deviation of about 0:2% 


while the values for inadequately annealed and uncorrected specimens are 
almost useless. 


Fig. 2 
Values referred to 20°c 
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Modulus of Rigidity (G@ or G’) x 10-1! dynes/cm? 


Percentage (Atomic) of Zinc 
Variation of Modulus of Rigidity with Zinc Content in Copper—Zine Alloys, 
showing effect of corrections for anisotropy and of correct annealing. 


© Corrected for anisotropy. 
x Uncorrected for anisotropy and inadequately annealed. 


An interesting phenomenon is revealed by figs. 3 and 4 which show 
the results obtained on inadequately annealed specimens (including both 
copper-zine alloys and alloys of copper with other elements of the first long 
period), after correcting for anisotropy. The moduli of pure copper and very 
dilute alloys are lower than those obtained after more thorough annealing, 
but the more concentrated alloys are relatively unchanged. This has been 
taken to indicate that the initial depression is due to very mobile disloc- 
ations which are anchored by the stranger atoms when these are sufficiently 
numerous. The whole subject of annealing is very complicated, for we have 
found that after stabilizing the elasticity at, say, 550°C, it is possible to 
stabilize at a higher value by repeated annealing at 650°c. In this way 
much can be learned of the behaviour of dislocations under thermal 
agitation, and the investigation is being continued. 
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Fig. 3 


Medium Frequency Technique. 
All measurements referred to 20°c and 
corrected for anisotropy. 
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Young’s Modulus/Atomic per cent Curves for substitutional Copper Alloys, showing 
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anomaly at extreme dilution when inadequately annealed. 


Fig. 4 
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Medium Frequency Technique. 
All measurements referred to 20°e and cor- 
rected for anisotropy. 
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Modulus of Rigidity/Atomic per cent Curves for substitutional Copper Alloys, showing 


anomaly at extreme dilution when inadequately annealed. 
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The work described above has been carried out as part of the research 
programme of the National Physical Laboratory, and this paper is published 
by permission of the Director of the Laboratory. Acknowledgement is 
made of the assistance provided to the authors by the Metallurgy Division 
in preparing and processing specimens, and by Miss M. A. Trott who carried 
out many of the elasticity measurements. 
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XLVI. Anomaly in the Rigidity Modulus of Copper Alloys for 
Small Concentrations 


By J. FRIEDEL 
Centre de Recherches Métallurgiques de ]’Ecole des Mines de Paris* 


[Received February 2, 1953] 


SUMMARY 


In his recent theory of work hardening, Mott assumes that face-centred 
cubic crystals usually contain, prior to deformation, a network of dis- 
locations, as suggested first by Frank; and he computes the decrease 
in the modulus of rigidity due to the existence of such a network. His 
computation may be extended to solid solutions, if one assumes the 
dislocations to be ‘ pinned down’ by the solute atoms. Thus the addition 
of solute atoms will always at first increase the shear modulus, though 
larger concentrations may lead to a decrease. An anomaly of the type 
predicted has actually been observed by Bradfield and Pursey (1953) for 
small concentrations in copper alloys. One deduces from Bradfield’s recent 
measurements an average length of about 10-°cm for the dislocations 
of the network ; and the small value of the anomaly for pure copper 
perhaps indicates that a large fraction of the dislocations are sessile. 
The anomaly has also been observed for silver alloys. It disappears after 
long annealing at 650°C, probably by formation of loose Cottrell clouds. 


§1. Review or Mort’s THEORY OF THE ANOMALY FOR PuRE METALS 
In a recent paper on work-hardening (1952 a), Mott assumes that face- 
centred cubic crystals usually contain, before deformation, a network of 
dislocations. That they contain dislocations seems necessary to explain 
their low critical shear stresses ¢,. This is of order 10-4@ (G is the rigidity 
modulus), while, as shown by Frank, the stress necessary to induce 
plastic flow in a perfect crystal is at least 10-14, even at high temperature. 
It seems also reasonable energetically that these dislocations should form a 
network, and this allows the operation of Frank—Read sources (1950) to 
create the large number of dislocations necessary for plastic flow. 

The presence of such a network decreases the rigidity modulus & of 
the metal. For, under a small shear stress o in its glide plane, a dislo- 
cation line AB locked at A and B (fig. 1) will assume a curvature I/p, 


which disappears elastically with o. Balancing o by the line tension W of 
the dislocation, one has : 


ob=W/p, punt ee 
with lp (1) 
Wie ee 
dale bye 


* Communicated by the Author. 
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where lis the size of the network and b the Burgers vector of AB; k is 
unity for a screw and 1—v for an edge dislocation (v is the Poisson ratio) 
Following Mott, the area swept out by AB is 


A=}p*(9—sin 0) = p?63/12— 18/12, for O=1/p. 
If there are NV dislocation lines such as AB per unit volume, the additional 
shear is Ac= NAb= Niko /6Ga, 


where «(/)=(2k7)~ In (I/b) is a slowly varying function of 1, near to unity 
for 1=107. The decrease in @ is thus* 


ANG PERS SUL oh ale a a) 


Fig. 1 


Elastic displacement of a Frank—Read source. 


NF is near to unity if the crystal is filled by a three dimensional network 
and all the dislocations are mobile. But if a proportion 1—wx of them are 
sessile, we have NF =x. Thus, for a pure metal, 
AGG poe OG we ee eee OCS) 
A direct check of this formula is difficult, for the network of dislocations 
can only be locked by introducing impurity atoms which alter G themselves. 
It is therefore of interest to extend the theory to solid solutions. 


§2. EXTENSION OF THE THEORY TO SOLID SOLUTIONS 


For a large enough concentration c of the solute elements, a dislocation 
line AB meets solute atoms on the average at distances say J) which 
decrease when the concentration c of impurity increases (fig. 2). Ifo is 
small, as is usual in ultrasonic experiments, we may assume that the 
dislocation line is ‘ pinned down’ at the solute atoms, and can only bend 
between them. 

Formula (2) must therefore be replaced by 

AG/G= — N1,3/6«, 

where one easily sees that N=w/I,/°. Hence : 
MCIGE=(AGIGV At) ©. ets gemch tila) (4) 
ree oe See ee ee ee 

* For a—1, Mott’s paper gives 24 instead of 6, owing to a numerical error. 
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At small concentrations, the rigidity modulus should thus deviate from 
its quasi linear variation with c and present a negative ee ris 
| 4G | should be almost constant for very small concentrations (J)>/), - 
should decrease as /,2 for larger concentrations (J) </) and become rapidly 


Fig. 2 


B 


Elastic displacement of a dislocation in a solid solution. 


negligible (fig. 3 gives the anomaly — 4H of Young’s modulus, where the 
same theory applies and the experimental points are somewhat less 
scattered). 


Fig. 3 


oO 0-00! 0-004, Cc 


AE(c) for copper alloys. Experimental points after Bradfield. 


If the dislocation line AB was perfectly straight, one would have 
dj=b/c. One should however expect the dislocation line to deviate 


slightly from this path so as to pass through neighbouring solute atoms 
(Mott 1952b). This will reduce J, somewhat. 
Mott shows that Tb Aie 


where B= (47 be) V)13, 
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varies slowly with concentration. 7’ is the energy of the dislocation line 
per unit length and V the energy of interaction of a solute atom with the 
dislocation line. One has 

T = 27Gb?, 

V=yGb*e, 
where < is the ‘ misfit ’ of the solute atom, deduced from the variation of 
the lattice parameter with composition : e«=(1/b)(db/dc). Thus 


B= (87c/ye)8, 

For carbon in iron, V 0-5 to 1 ev (Mott 1952 b) and «0-4, so that y= 2, 
In the case considered in this paper, 0-01<c<0-001 and 0-05 <e <0-15 
(Owen 1947). Thus V is of the order of 0-1 ev and £ has a value between 
0-3 and 1: the dislocation line does not deviate much from a straight line. 

In conclusion, when the concentration c is increased, | 4G| should be 
almost constant and then decrease as c~*. The transition between the two 
types of curve occurs for /=1,, or c=c,= bf. 


§3. COMPARISON WITH EXPERIMENT 


A deviation of the type pictured (fig. 3), is well known in copper alloys 
(Késter and Rauscher 1948). Recent ultrasonic measurements by 
Bradfield and Pursey (1953) show in CuZn, CuGa, CuGe and CuAs and for 
large concentrations a quasi-linear variation of G and EH. These straight 
lines converge by extrapolation to pure copper on a value G, somewhat 
larger than the actual value G, : 

(AG/G))=(Go—G,)/G)>=— 90-015. 
‘The anomalies 4G and AE seem only function of the atomic concentration 
of impurities, not of their nature. The experimental points fit reasonably 
well with the theoretical curve (fig. 3), with c)=0-001 hence /= 10-5 cm. 

This value of / is somewhat smaller than those deduced by Mott (1952) 
from the critical shear stress o, . ¢, corresponds to p=1/2 in eqn. (1), thus 
o,=Gba/l. Measurements on silver (Andrade and Henderson 1951) and 
aluminium (Rosi and Mathewson 1950) monocrystals give 1=10-* to 
10-*4em. On the other hand crystals with one dimension smaller than / 
probably have no such network, and should exhibit high critical shear 
stresses, of the order of G/10. Possible examples are Herring and Galt’s 
‘whiskers’ of Sn, Al... (1952) with a diameter of about 10-*cm; 
also thin plates of silver (Beams, Walker and Morton 1952) with thickness 
smaller than 5X10-®cm. Finally /=10~4 to 10-5 cm corresponds to the 
usual size of the ‘ mosaic bloc ’ as deduced from x-rays diffraction. 

Some other points may be noted. The value of (4G/G), gives here 
x20-1. This seems to indicate that the network is made in major fart of 
sessile dislocations, in agreement with Mott’s interpretation of the barriers 
for the piled up groups (1952 a). th 

For silver alloys, Smith’s measurements (1952) give a similar anomaly 
with (AG/G)) = (4H/E), = —90-025 and c,<0-01. 
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$4, DISAPPEARANCE OF THE ANOMALY BY LONG ANNEALING 


Finally it is interesting to note that the anomaly disappears completely 
even for ‘pure’ copper (e.g. 99-99%) after long annealing at 650°C 
(Bradfield and Pursey loc. cit.). 

This we interpret as due to the crowding by diffusion of impurity atoms 
on the dislocations. The concentration of solute atoms along the dis- 
location lines after annealing at temperature 7’ will be (Cottrell 1948) : 


ce’ ~cexp (Vi/kT). 


For ‘ pure’ copper, i.e. with probably about c—10~ iron atoms, «=0-2 
(Koster 1948), hence V=0-4ev. At 650°C, this gives c’=0-015>¢p. 
The concentration of iron atoms along the dislocation line is thus large 
enough to suppress the anomaly completely. For the alloys, the locking 
is also mainly by iron atoms, but perhaps partly by arsenic atoms in Cu As. 

Asc’ is much smaller than 1, the dislocation lines are far from saturated 
and no yield point is to be expected. This seems to agree with experiment 
(Ardley and Cottrell 1953). 


The author wishes to thank Professor N. F. Mott and Mr. G. Bradfield. 
for very helpful discussion. 
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XLVIT. CORRESPONDENCE 


Bombardment of Ordered Cu;Au by 1 Mev Electrons * 


By C. E. Drxon, C. J. Mezcuan and J. A. BRInKMAN 


North American Aviation, Inc., Atomic Energy Research Department, 
Downey, California + 


[Received December 23, 1952] 


We found the recent letter of Adam, Green and Dugdale (1952) 
concerning the effect of electron irradiation on Cu;Au very interesting, 
as we had just completed similar experiments. 

Our first irradiation, made at approximately 60° c, consisted of about 
1018 electrons/em? of energy 1 Mev. The original resistivity of the 
specimen was 4:6 micro-ohm-cm at 0°c and a 3% decrease was 
observed after several hours at 100° c, in agreement with Adam, Green 
and Dugdale. A second irradiation was made at temperatures below 
—185°c to determine whether disordering could be produced by 
1 Mev electrons. Before irradiation the specimen was held at 375° c 
for 40 hours, cooled slowly over a period of 400 hours to 200° c, and 
held at this temperature for 300 hours. The resistivity was found to 
be 4-10 micro-ohm-cm at 20°c and 1-52 micro-ohm-cm at —195° c. 
It was subjected to a total flux of 3-4 101° electrons/em?. Resistance 
measurements at —195°c after this bombardment showed no change 
in excess of the experimental error which was approximately 1°4. The 
specimen was then allowed to anneal at room temperature for 350 hours. 
Intermittent measurements at —195°c showed a decrease of 2-7°% in 
50 hours. Between 50 hours and 350 hours the resistance showed both 
increases and decreases which exceeded the errors of the measurements. 
We have observed similar fluctuations during room temperature anneals 
of CuzAu which had been previously cold worked at —195° c, but have 
been unable to explain such behaviour. After 350 hours at room 
temperature, a further anneal of 1 hour at 100° c showed no measurable 
resistance change. 

Calculations indicate that the fraction of atoms which should have 
been displaced by this irradiation is about 7x 10~*. According to Dexter 
(1952) such a density of interstitial-vacancy pairs should produce about 
a 5% change in the resistivity at —195°c. Because no such resistance 
change was observed, considerable recombination of the interstitial- 
vacancy pairs must have occurred at the temperature of irradiation. 
As a result of the low average energy of the displaced atoms, the average 
vacancy-interstitial separation distance may be so small that most of 
the pairs are unstable and can recombine without thermal activation. 
There appears to be a fundamental difference in the nature of the damage 


; erst 
*This report is based on studies conducted for the Atomic Energy 
Commission under contract AT-11-I-GEN-8. 
+ Communicated by the Authors. 
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produced in metals by neutrons and by electrons since electrons do not: 
produce disordering. We plan to measure the effect of electron 
irradiation on mechanical properties of metals and compare with the. 
effects of neutron irradiation. 
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Radiative Widths of Dipole Transitions in Light Elements 
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THE most recently-proposed formulae for the lifetimes of nuclear states. 
are those put forward by Weisskopf (1951); their value in effecting a. 
classification of nuclear isomers ‘(low gamma-ray energy and large spin 
change) has been demonstrated in the considerable paper of Goldhaber 
and Sunyar (1951). So far no attempt has been made to systematize the 
properties of the other important class of gamma-rays namely those of 
high energy and small spin change that manifest themselves by virtue 
of their very short lifetimes. These are to be found principally among 
the light elements where it is sometimes of great importance to be able 
to predict the radiative width that might reasonably be expected of a. 
given transition and to have some idea of the reliability of the prediction. 
The data on which such a systematization must be based are as yet very 
meagre, but twenty-two dipole transitions are sufficiently well established. 
and measured to enable a start to be made. 

Weisskopf’s estimates of the connection between the radiative width 
I’, (in ev) and the energy of the transition H, (in Mey) are : 

Electric dipole [,=0-11#,3A?/, 
Magnetic dipole [',=0-0218,3. 

The available data are presented in the following tables: J is the angular 
momentum of the emitting nucleus ; | M|* is the ratio of experimental 
to theoretical radiative widths. We follow Goldhaber and Sunyar in 
quoting (2J-++1)| M|? because it has for us the convenience of usually 
not demanding knowledge of J which we frequently have not got, although 
we may be certain of the character of the transition. Only those transi- 
tions have been used for which it is very probable that I, is much smaller 
than the width for re-emission of the incident particle. hStatad A means 
that the stated character of the transition is almost certainly correct : 
B means that it is very probable. Those transitions bearing a star urider- 
Status have (2J-++1)I, values correct to a few tens of per cent; the 


error on the unmarked transitions may b 
y be rather greater 
much as a factor of 2 or 3. ? = PoE 
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Electric Dipole 
; ee a (2J-+1)P, (2J-+1)|M|? Status References 
e(py 23) 88 0:42 * 
*Li(awy)4B 2-5 13 0-16 a (a), et x (4) 
LifeyJ4B 4.8 16 0-26 B* (f), @) 
®O(py)8N 2-4 1:3 0-17 A* (d) (hy, (i) 
BC(py)MN 41 3-6 0-08 A* — (b), (j), (k), (I), (dd 
8C(py)14N 4:8 7-7 0-11 A* \ . a f , 
BCipy)MN  81-- +31 0-09 At ON) "i "e) 
2O(py)4N 8-744 0-11 Ax (j), (Ix) 
MN (py)5O 9:8 280 0-45 A* (m) 
L5N(py)?6O 13-1 450 0-29 B (n) 
*6O(py)1"F 3-9 5 0-12 A (0), (Pp), (q) 
Magnetic Dipole 
Reaction Ey (2J+1)Pr, (27-+1)|M]? Status References 
"Li* 0-48 0-006 55 A* (r), (dd) 
Li(py)*Be 14-6 25 0-38 A* (b), (d), (dd) 
Li(py)®Be 17-6 50 0:44 A* (b), (d), (dd) 
6Li(wy)°B 4-0 0-5 0-35 B* (s) 
*Be(py)°B 7:0 5-6 0:78 A* (a), (c), (d), (e) 
TLi(wy) 4B 9-3 1-9 0-12 B* (f), (g) 
10B (py) 14C 9-5 9 0-51 B (t), (u) 
11B(py)2C 11-7 600 18 A (v), (w), (x) 
1B(py)#?C 12-2 80 2-1 B (w), (x), (y) 
, (x) (¥ 
L2O(py)18N 3°5 2-8 3:1 B* (i), (dd) 
19H (py)?°Ne 11-9 300 10 A* (z), (aa), (bb), (cc): 
(a) Conmn, E. R., 1949, Phys. Rev., 75, 1463. 
(b) Devons, 8., and Hinz, M. G. N., 1949, Proc. Roy. Soc. A, 199, 56, 73. 
(c) Thomas, R. G., Rusty, 8., Fowier, W. A., and LaurirssEn, C. C., 1949, 
Phys. Rev., 75, 1612. 
(d) Fowxer, W. A., and Lauritsen, C. C., 1949, Phys. Rev., 76, 314. 
(e) Ricwarps, H. T., 1952, Pittsburgh Conference. 
(f) Bennett, W. E., Roys, P. A., and Toprsett, B. J., 1951, Phys. Rev., 82, 20. 
(g) Jonzs, G. A., and Wirxtnson, D. H., 1952, Phys. Rev., 88, 423. 
(h) Jackson, H. L., and Gotansry, A. I., 1951, Phys. Rev., 84, 401. 
(i) Tuomas, R. G., 1952, Phys. Rev., 88, 1109. 
(j) Seagrave, J. D., 1952, Phys. Rev., 85, 197. 
(k) Woopsury, H. H., Day, R. B., and Totuustrvp, A. V., 1952, Phys. Rev., 
85, 760 (and private communication). 
(1) Benenson, R. E., 1952, Phys. Rev., 87, 207. 
(m) Duncan, D. B., and Parry, J. E., 1951, Phys. Rev., 82, 809. 
(n) Scuarpt, A., Fowner, W. A., and Lauritsen, OC. C., 1952, Phys. Rev., 
86, 527. 
(o) Lauspenstern, R. A., Laupenstern, M. J. W., Koxsrer, L. and J.» 
Mostey, R. C., 1951, Phys. Rev., 84, 12. 
(p) Lauvsenstern, R. A., and Lavpensrern, M. J. W., 1951, Phys. Rev., 


84, 18. 

Du Brien, L. A., Barnes, 8. W., Buck, J. H., and Srrary, C. V., 1938, 
Phys. Rev., 58, 447. 

Bex, R. E., and Exxiortt, L. G., 1949, Phys. Rev., 76, 168. 

Jonzs, G. A., and Winxinson, D. H., unpublished. 

Wa ger, R. L., 1950, Phys. Rev., 79, 172. 

Brown, A. B., SyypER, C. W., Fowier, W. A., and LavrirsEn, CEC... 
1951, Phys. Rev., 82, 159. 
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(v) Tuomson, D. M., Conen, A. V., FRENCH, A. P., and Hutcutnson, G. W., 
1952, Proc. Phys. Soc. A, 65, 745. 

) Huvs, T., and Day, R. B., 1952, Phys. Rev., 85, 7Ole 

) Huvs, T., private communication. Pav at 

y) Drssanarks, G. A., and Frenca, A. P., private communication. 
) Devons, S., and Herewarp, H. G., 1948, Nature, Lond., 162, 331. 
) Jonss, G. A., and Witkinson, D. H., 1952, Proc. Phys. Soc. A, 65, 1055. 
) Seep, J., and Frenon, A. P., 1952, Phys. Rev., 88, 1007. 

(cc) Crunaa, A. B., Jones, G. A., and Witgrnson, D. H., unpublished. 

(dd) See also AszENBERG, F., and Lauritsen, T., 1952. 


The electric dipole matrix elements show a remarkable and most 
unexpected constancy ; (2J-+1)|M|? varies by less than a factor of 2-5 
either side of the value 0-2 as (2J-+1)I, varies by a factor of more than 
300. There is no systematic dependence of (2J-+1)| J |* on any feature 
of the nucleus or the energy of the transition. 

The magnetic dipole matrix elements show a rather larger straggle ; 
(2J-+1)| |? varies by a factor of about 12 either side of the value 1-5 
as (2J-+1)I, varies by a factor of 10°. There is again no systematic 
dependence of (2.J+1)|M|? on any feature of the nucleus or energy of 
the transition. 

Two points emerge from this survey : one is that electric dipole matrix 
elements are not small at any rate in light nuclei of fairly high excitation ; 
the other is that, while we may not safely base a distinction between 
E1 and M1 transitions on the radiative width we may, within limits, 
predict what the width will be if we know the character of the transition. 
An important exception to the predictability of E1 (but not M1) lifetimes 
in self-conjugate nuclei is provided by the isotopic spin selection rule 
(Radicati 1952) which forbids such transitions between states of the same 
T’; this may reduce the radiative width by a factor of as much as 104 
(Radicati 1953, Wilkinson and Jones 1953). All transitions of A7’>2 are 
also forbidden but are not likely to be met. 

The only other transitions to have been identified in light nuclei are 
a few electric quadrupoles ; these few suggest that the radiative width 
may be somewhat larger than Weisskopf’s estimate but this may be due 
to the experimenter’s seeing only the unusually strong E2 transitions 
(this selective effect is not to be expected and does not occur in the 
K1 and M1 transitions analysed above). 


i would like to acknowledge my indebtedness to the compilation of 
Ajzenberg and Lauritsen (1952) which lessened immeasurably the burden 
of making this survey. 
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